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Thesis outline

Most land plants rely on the symbiosis with arbuscular mycorrhizal (AM) 
fungi belonging to the Glomeromycotina subphylum to obtain sufficient 
nutrients from the soil. During this symbiosis, AM fungi are hosted inside 
inner root cortex cells, where they form highly branched hyphal structures, 
called arbuscules. This symbiosis is thought to have originated when 
plants first started to colonize the land and, due to the many benefits 
offered by this symbiosis, AM fungi are still able to intracellularly colonize 
over 80% of all land plants, making them arguably the most successful 
plant symbionts. How AM fungi manage to colonize and cooperate with 
such an extremely broad range of plants is a key question in AM biology. 
AM fungi must have evolved efficient ways to deal with the plant immune 
system and be able to adapt to their different host environments to 
ensure a beneficial interaction. However, the underlying mechanisms are 
still largely unknown. Most insight into the molecular aspects of this key 
symbiosis have been obtained from the plant side. However, the recent 
availability of the first genome sequence from the AM fungus Rhizophagus 
irregularis offered a great opportunity to obtain more insight into the 
fungal aspects of this symbiosis. Therefore, an important aim of this 
thesis was to obtain more cell-specific insight into the transcriptome of 
both the fungus and the plant at different stages of the interaction and to 
compare the fungal response in diverse host plants. This allowed me to 
identify novel key regulators involved in AM symbiosis, mainly focusing 
on effector biology and nutrient exchange with the host.

In Chapter 1, I give a general overview of the AM symbiosis and 
focus especially on signalling events that control different stages of the 
interaction. 

In Chapter 2, I studied the secretome of Rhizophagus irregularis, to 
identify putative effector proteins that contribute to its broad host range. 
Secreted effector proteins are well known from pathogenic fungi to play 
a key role in subverting the host immune system and to reprogram the 
plant to allow fungal colonization. Therefore, I compared the AM fungal 
secretome of R. irregularis in three evolutionary divergent hosts, namely 
Medicago truncatula, Nicotiana benthamiana and Allium schoenoprasum. 
I identified both commonly expressed effector candidates as well as 
potential effectors that are expressed in a host-dependent manner. By 
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applying laser microdissection coupled with RNA sequencing in Medicago, 
I further dissected the expression pattern of putative effectors into 
different stages, including arbuscules, intraradical mycelium, extraradical 
mycelium and germinating spores. These approaches collectively resulted 
in an expression atlas of the fungal secretome and allowed me to pinpoint 
potential key effectors in AM symbiosis. 

In Chapter 3, I used gene-ontology enrichment analyses for a broader 
characterization of the host- and stage-dependent fungal transcriptome 
data to get more insight into the response of the fungus to different host 
plants. As providing (mineral) nutrients to the host plant in exchange for 
sugars and fatty acids is one of the most pronounced roles of AM fungi, 
I highlight candidate key transporters for such nutrients at different 
stages of the interaction. Furthermore, I discuss the host-dependent 
transcriptional responses to shed light on fungal adaptation to the 
different host environments and propose a potential key effect of host 
identity on fungal (secondary) metabolism.

In Chapter 4, I studied the role of one of the highest intraradically 
expressed effector candidates in all hosts, encoding a LysM domain-
containing effector (RiSLM). To elucidate the role of RiSLM in AM 
symbiosis, we used a combination of molecular, biochemical and genetic 
approaches. This showed that RiSLM can bind chitin(oligomers), protect 
fungal cell walls from plant chitinases and suppress chitin-triggered 
immune responses in the plant. Host-induced silencing of RiSLM further 
indicated a positive role for this effector in the symbiosis. These results 
revealed a conserved role for LysM effectors in both pathogenic as well as 
symbiotic fungal interactions with plants. 

In Chapter 5, the role of a potential plant sugar exporter in AM symbiosis 
was studied. Although sugars have long been proposed to be transferred 
from the host to AM fungi, the mechanisms by which these sugars 
are transported by the plant to the fungus have remained elusive. By 
analysing the stage-specific transcriptome data, we identified a single 
SUGARS-WILL-EVENTUALLY-BE-SECRETED (SWEET) transporter, called 
MtSWEET1b, that was significantly expressed in arbuscule-containing 
cells of Medicago. MtSWEET1b was shown to transport glucose and to 
localize to the peri-arbuscular membrane. Overexpression of MtSWEET1b 
increased fungal colonization levels, while interference with its activity via 

9

overexpression of dominant-negative versions caused an early collapse 
of arbuscules. These results suggest a (redundant) role for MtSWEET1b 
in the transport of glucose across the peri-arbuscular membrane to 
maintain arbuscules for a healthy mutually beneficial symbiosis. 

In Chapter 6, I summarize our current insights and discuss potential 
mechanisms that contribute to the broad host-range of AM fungi in light 
of effector biology and reciprocal nutrient transfer. 
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CHAPTER 1

1

Arbuscular mycorrhiza (AM) fungi, affiliated to the fungal Glomeromycotina 
subphylum, can form a symbiotic interaction with the majority (>80%) 
of land plants (S., Smith and Read, 2008; Spatafora et al., 2016). They 
can benefit their hosts in multiple ways. The primary advantage of AM 
fungi is that they facilitate host uptake of limiting mineral nutrients such 
as phosphate, nitrogen, or microelements from the soil by developing 
extensive extraradical hyphal mycelium, which expand the absorption 
surface of the host root system (S., Smith and Read, 2008). Furthermore, 
AM fungi provide protection against plant pathogens, for example by 
improving host fitness, competing for colonization sites with pathogens 
or the activation of systemic acquired resistance. Additionally, they affect 
the microbiome surrounding the roots and improve soil structure. In 
return for such benefits, AM fungi receive considerable amounts (up to 
20%) of photosynthetic carbohydrates (Jakobsen and Rosendahl, 1990) 
and/or lipids from the plant (Keymer et al., 2017; Luginbuehl et al., 
2017; Jiang et al., 2017; Bravo et al., 2017; Helber et al., 2011). In fact, 
AM fungi have become obligate biotrophs that fully depend on their host 
plants to complete their lifecycle.

The AM symbiosis is predicted to have originated about 450 million years 
ago, by the same time that plants started to colonize the land (Remy et al., 
1994). This, together with the extremely broad host-range of AM fungi, 
indicates that both plant and fungal partners have co-evolved to maintain 
the symbiosis. The mechanisms behind the extremely high compatibility 
of AM fungi are still largely unknown. On one hand, symbiotic signalling 
triggered by mycorrhizal (myc) factors is required to efficiently colonize 
host plants (Fig.1). In addition, a successful AM symbiosis requires a 
strict coordination of nutrient exchange by both partners. Although 
insight into the fungal components that control the symbiosis has lagged 
behind compared to those of the plant, major progress has been made in 
recent years through the availability of the first AM fungal genome and 
transcriptome (Tisserant et al., 2012; Tisserant et al., 2013; Lin et al., 
2014a). It is becoming clear that, on top of myc-factor signalling, AM 
fungi use effector proteins to achieve a successful symbiosis (Lin et al., 
2014a; Tisserant et al., 2013; Tisserant et al., 2012; Kloppholz et al., 
2011). Here, I will give an overview of the AM symbiosis with a focus 
on symbiotic signalling, effector biology and nutrient exchange in AM 
symbiosis.  
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Figure 1. Common symbiotic signaling pathway. This signaling pathway is 
essential for a successful AM symbiosis as well as for the rhizobium-legume 
symbiosis. To initiate the signaling, Myc-factors (1) and Nod-factors (2) are 
perceived by plant LysM receptors (5, 6, 7, 8). These are thought to form a 
complex with MtDMI2/LjSYMRK (3, 4), which interacts with a 3-hydroxy-3-
methylglutaryl coenzyme A reductase 1 (MtHMGR, 9). This interaction generate 
mevalonate as a potential secondary messenger to the nucleus (9). Activation of 
the CSSP eventually leads to nuclear calcium spiking. This is mediated by nuclear 
envelope located potassium (10, 11), calcium channels (12) and a calcium-
transporting ATPase (20). In addition, components of the nucleoporin complex 
are required for calcium spiking (21, 22, 23). Calcium spiking is decoded by the 
calmodulin/calcium-dependent protein kinase MtDMI3/LjCCaMK (13, 14), leading 
to phosphorylation and activation of transcription factors MtIPD3/MtIPD3Like/
LjCYCLOPS (15, 16). MtIPD3s or LjCYCLOPS interacts with Medicago or Lotus 
DELLA proteins to initiate downstream signaling of rhizobium symbiosis (17) or 
AM symbiosis (18, 19). 
References 1. (Maillet et al., 2011; Genre et al., 2013); 2. (Lerouge et al., 1990; 
Roche et al., 1991b,a; Schultze et al., 1992); 3. (Endre et al., 2002); 4. (Stracke 
et al., 2002); 5. (Maillet et al., 2011); 6. (Arrighi et al., 2006); 7. (Radutoiu et al., 
2003); 8. (Limpens et al., 2003); 9. (Venkateshwaran et al., 2015); 10. (Ané et 
al., 2004); 11. (Kistner et al., 2005; Riely et al., 2007); 12. (Charpentier et al., 
2016); 13. (Lévy et al., 2004); 14. (Tirichine et al., 2006) ;15. (Messinese et al., 
2007; Ovchinnikova et al., 2011; Horváth et al., 2011; Jin et al., 2018; Lindsay et 
al., 2019); 16. (Yano et al., 2008); 17. (Singh et al., 2014; Jin et al., 2016); 18. 
(Pimprikar et al., 2016); 19. (Floss et al., 2013); 20. (Capoen et al., 2011); 21. 
(Saito et al., 2007); 22. (Groth et al., 2010); 23. (Kanamori et al., 2006).
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1994). This, together with the extremely broad host-range of AM fungi, 
indicates that both plant and fungal partners have co-evolved to maintain 
the symbiosis. The mechanisms behind the extremely high compatibility 
of AM fungi are still largely unknown. On one hand, symbiotic signalling 
triggered by mycorrhizal (myc) factors is required to efficiently colonize 
host plants (Fig.1). In addition, a successful AM symbiosis requires a 
strict coordination of nutrient exchange by both partners. Although 
insight into the fungal components that control the symbiosis has lagged 
behind compared to those of the plant, major progress has been made in 
recent years through the availability of the first AM fungal genome and 
transcriptome (Tisserant et al., 2012; Tisserant et al., 2013; Lin et al., 
2014a). It is becoming clear that, on top of myc-factor signalling, AM 
fungi use effector proteins to achieve a successful symbiosis (Lin et al., 
2014a; Tisserant et al., 2013; Tisserant et al., 2012; Kloppholz et al., 
2011). Here, I will give an overview of the AM symbiosis with a focus 
on symbiotic signalling, effector biology and nutrient exchange in AM 
symbiosis.  
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Figure 1. Common symbiotic signaling pathway. This signaling pathway is 
essential for a successful AM symbiosis as well as for the rhizobium-legume 
symbiosis. To initiate the signaling, Myc-factors (1) and Nod-factors (2) are 
perceived by plant LysM receptors (5, 6, 7, 8). These are thought to form a 
complex with MtDMI2/LjSYMRK (3, 4), which interacts with a 3-hydroxy-3-
methylglutaryl coenzyme A reductase 1 (MtHMGR, 9). This interaction generate 
mevalonate as a potential secondary messenger to the nucleus (9). Activation of 
the CSSP eventually leads to nuclear calcium spiking. This is mediated by nuclear 
envelope located potassium (10, 11), calcium channels (12) and a calcium-
transporting ATPase (20). In addition, components of the nucleoporin complex 
are required for calcium spiking (21, 22, 23). Calcium spiking is decoded by the 
calmodulin/calcium-dependent protein kinase MtDMI3/LjCCaMK (13, 14), leading 
to phosphorylation and activation of transcription factors MtIPD3/MtIPD3Like/
LjCYCLOPS (15, 16). MtIPD3s or LjCYCLOPS interacts with Medicago or Lotus 
DELLA proteins to initiate downstream signaling of rhizobium symbiosis (17) or 
AM symbiosis (18, 19). 
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Arbuscular mycorrhiza (AM) fungi, affiliated to the fungal Glomeromycotina 
subphylum, can form a symbiotic interaction with the majority (>80%) 
of land plants (S., Smith and Read, 2008; Spatafora et al., 2016). They 
can benefit their hosts in multiple ways. The primary advantage of AM 
fungi is that they facilitate host uptake of limiting mineral nutrients such 
as phosphate, nitrogen, or microelements from the soil by developing 
extensive extraradical hyphal mycelium, which expand the absorption 
surface of the host root system (S., Smith and Read, 2008). Furthermore, 
AM fungi provide protection against plant pathogens, for example by 
improving host fitness, competing for colonization sites with pathogens 
or the activation of systemic acquired resistance. Additionally, they affect 
the microbiome surrounding the roots and improve soil structure. In 
return for such benefits, AM fungi receive considerable amounts (up to 
20%) of photosynthetic carbohydrates (Jakobsen and Rosendahl, 1990) 
and/or lipids from the plant (Keymer et al., 2017; Luginbuehl et al., 
2017; Jiang et al., 2017; Bravo et al., 2017; Helber et al., 2011). In fact, 
AM fungi have become obligate biotrophs that fully depend on their host 
plants to complete their lifecycle.

The AM symbiosis is predicted to have originated about 450 million years 
ago, by the same time that plants started to colonize the land (Remy et al., 
1994). This, together with the extremely broad host-range of AM fungi, 
indicates that both plant and fungal partners have co-evolved to maintain 
the symbiosis. The mechanisms behind the extremely high compatibility 
of AM fungi are still largely unknown. On one hand, symbiotic signalling 
triggered by mycorrhizal (myc) factors is required to efficiently colonize 
host plants (Fig.1). In addition, a successful AM symbiosis requires a 
strict coordination of nutrient exchange by both partners. Although 
insight into the fungal components that control the symbiosis has lagged 
behind compared to those of the plant, major progress has been made in 
recent years through the availability of the first AM fungal genome and 
transcriptome (Tisserant et al., 2012; Tisserant et al., 2013; Lin et al., 
2014a). It is becoming clear that, on top of myc-factor signalling, AM 
fungi use effector proteins to achieve a successful symbiosis (Lin et al., 
2014a; Tisserant et al., 2013; Tisserant et al., 2012; Kloppholz et al., 
2011). Here, I will give an overview of the AM symbiosis with a focus 
on symbiotic signalling, effector biology and nutrient exchange in AM 
symbiosis.  
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Signalling in AM symbiosis

Development of AM symbiosis is coordinated by both partners through 
mutual signal exchange, structural rearrangements and (post-) 
transcriptional or (post-)translational regulation. There are several distinct 
stages in AM symbiosis. First, AM fungi and plant hosts exchange signals 
to pre-adapt for the symbiosis (pre-contact signalling). Consequently, 
fungal hyphae reach the plant root surface and, upon formation of a 
hyphopodium, penetrate into the epidermis (epidermal penetration, Fig. 
2a, b) (Gutjahr and Parniske, 2013). Fungal hyphae subsequently spread 
inside the root either inter-cellularly or intra-cellularly (intraradical 
colonization, Fig. 2a, b) and eventually reach the inner cortical cell layer. 
There, fungal hyphae can enter into cells where they differentiate to 
a highly branched, tree-like structure, called an arbuscule (arbuscule 
formation, Fig. 2a, b). Arbuscules are surrounded by a specialized host 
membrane in which many nutrients transporters are located to allow the 
efficient nutrient transfer between both partners. Therefore, arbuscules 
are considered as the heart of the symbiosis (Luginbuehl and Oldroyd, 
2017).

Pre-contact signalling 

AM symbiosis is initiated by signal exchange of both the plant and 
fungal partners before physical contact. The best studied plant signals 
are strigolactones. Strigolactones are phytohormones regulating shoot 
and root branching. In addition, root-secreted strigolactones are 
perceived by AM fungi and stimulate fungal mitochondrial activity and 
fungal respiration, ultimately promoting spore germination and hyphal 
branching (Akiyama et al., 2005; Besserer et al., 2006). This process 
eventually recruits AM fungi into the rhizosphere and raises the chance of 
fungal contact with the root. In many, if not all, host plant species genes 
regulating strigolactone biosynthesis, such as DWARF27 and strigolactone 
transporters such as PDR, are upregulated under phosphate starvation to 
enhance strigolactone secretion (Liu et al., 2011; Kretzschmar et al., 
2012). This suggests that plants have evolved a very efficient strategy 
to overcome phoshate/nutrient stress by recruiting AM fungi as partners.

Recent forward genetic studies have revealed a role for novel symbiotic 
signals from the host in pre-contact signalling, such as N-acetylglucosamine 
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(GlcNAc) and karrinkin-like molecules. Mutants of a GlcNAc transporter, 
called nope1, are severely impaired in early steps of fungal colonization, 
particularly hyphopodia formation in rice and maize (Nadal et al., 2017). 
Treating AM spores with either wild type or nope1 root exudates induced 
distinct transcriptomic changes in the fungus, suggesting that root-
secreted GlcNAc (or related molecules) is a plant derived signal that is 
perceived by the fungus (Nadal et al., 2017). In rice, mutation of the α/β-
fold hydrolase DWARF14-LIKE (D14L) caused similar severe defects at an 
early stage of the symbiosis (Gutjahr et al., 2015). d14l mutants showed 
almost complete absence of hyphopodia, with consequently impaired 
root colonization. D14L encodes a component of an intracellular receptor 
complex which perceives among others smoke compounds called karrikins. 
However, the perceived signals relevant for AM symbiosis are likely not 
karrikins, as application of karrikins was not able to rescue defects in 
the d14l mutant (Gutjahr et al., 2015). Absence of D14L impaired most 
root transcriptional responses to germinating spore exudates, implying a 
defect in symbiotic signalling at a very early stage in line with the lack of 
hyphopodia in d14l.  

In response to plant signals such as strigolactones, AM fungi release fungal 
signals that are perceived by the host to facilitate fungal colonization. 
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Figure 2. Different developmental stages during AM symbiosis. (a) Schemetic 
picture showing different developmental stages of AM symbiosis, including 
germinating spores, extraradical mycelium (ERM), intraradical mycelium (IRM), and 
arbuscule (ARB). Blue and yellow IRM and ARB indicate arum-type or paris type 
colonization, respectively. (b) Arbuscules (ARB) and intraradical mycelium (IRM) 
developmented in Medicago truncatula in symbiosis with Rhizophagus irregularis. 
WGA Alexa 488 was used to visualize fungal structures. Scale bar = 50μm.
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Figure 1. Common symbiotic signaling pathway. This signaling pathway is 
essential for a successful AM symbiosis as well as for the rhizobium-legume 
symbiosis. To initiate the signaling, Myc-factors (1) and Nod-factors (2) are 
perceived by plant LysM receptors (5, 6, 7, 8). These are thought to form a 
complex with MtDMI2/LjSYMRK (3, 4), which interacts with a 3-hydroxy-3-
methylglutaryl coenzyme A reductase 1 (MtHMGR, 9). This interaction generate 
mevalonate as a potential secondary messenger to the nucleus (9). Activation of 
the CSSP eventually leads to nuclear calcium spiking. This is mediated by nuclear 
envelope located potassium (10, 11), calcium channels (12) and a calcium-
transporting ATPase (20). In addition, components of the nucleoporin complex 
are required for calcium spiking (21, 22, 23). Calcium spiking is decoded by the 
calmodulin/calcium-dependent protein kinase MtDMI3/LjCCaMK (13, 14), leading 
to phosphorylation and activation of transcription factors MtIPD3/MtIPD3Like/
LjCYCLOPS (15, 16). MtIPD3s or LjCYCLOPS interacts with Medicago or Lotus 
DELLA proteins to initiate downstream signaling of rhizobium symbiosis (17) or 
AM symbiosis (18, 19). 
References 1. (Maillet et al., 2011; Genre et al., 2013); 2. (Lerouge et al., 1990; 
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al., 2019); 16. (Yano et al., 2008); 17. (Singh et al., 2014; Jin et al., 2016); 18. 
(Pimprikar et al., 2016); 19. (Floss et al., 2013); 20. (Capoen et al., 2011); 21. 
(Saito et al., 2007); 22. (Groth et al., 2010); 23. (Kanamori et al., 2006).
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Development of AM symbiosis is coordinated by both partners through 
mutual signal exchange, structural rearrangements and (post-) 
transcriptional or (post-)translational regulation. There are several distinct 
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to pre-adapt for the symbiosis (pre-contact signalling). Consequently, 
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2a, b) (Gutjahr and Parniske, 2013). Fungal hyphae subsequently spread 
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colonization, Fig. 2a, b) and eventually reach the inner cortical cell layer. 
There, fungal hyphae can enter into cells where they differentiate to 
a highly branched, tree-like structure, called an arbuscule (arbuscule 
formation, Fig. 2a, b). Arbuscules are surrounded by a specialized host 
membrane in which many nutrients transporters are located to allow the 
efficient nutrient transfer between both partners. Therefore, arbuscules 
are considered as the heart of the symbiosis (Luginbuehl and Oldroyd, 
2017).
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AM symbiosis is initiated by signal exchange of both the plant and 
fungal partners before physical contact. The best studied plant signals 
are strigolactones. Strigolactones are phytohormones regulating shoot 
and root branching. In addition, root-secreted strigolactones are 
perceived by AM fungi and stimulate fungal mitochondrial activity and 
fungal respiration, ultimately promoting spore germination and hyphal 
branching (Akiyama et al., 2005; Besserer et al., 2006). This process 
eventually recruits AM fungi into the rhizosphere and raises the chance of 
fungal contact with the root. In many, if not all, host plant species genes 
regulating strigolactone biosynthesis, such as DWARF27 and strigolactone 
transporters such as PDR, are upregulated under phosphate starvation to 
enhance strigolactone secretion (Liu et al., 2011; Kretzschmar et al., 
2012). This suggests that plants have evolved a very efficient strategy 
to overcome phoshate/nutrient stress by recruiting AM fungi as partners.

Recent forward genetic studies have revealed a role for novel symbiotic 
signals from the host in pre-contact signalling, such as N-acetylglucosamine 
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(GlcNAc) and karrinkin-like molecules. Mutants of a GlcNAc transporter, 
called nope1, are severely impaired in early steps of fungal colonization, 
particularly hyphopodia formation in rice and maize (Nadal et al., 2017). 
Treating AM spores with either wild type or nope1 root exudates induced 
distinct transcriptomic changes in the fungus, suggesting that root-
secreted GlcNAc (or related molecules) is a plant derived signal that is 
perceived by the fungus (Nadal et al., 2017). In rice, mutation of the α/β-
fold hydrolase DWARF14-LIKE (D14L) caused similar severe defects at an 
early stage of the symbiosis (Gutjahr et al., 2015). d14l mutants showed 
almost complete absence of hyphopodia, with consequently impaired 
root colonization. D14L encodes a component of an intracellular receptor 
complex which perceives among others smoke compounds called karrikins. 
However, the perceived signals relevant for AM symbiosis are likely not 
karrikins, as application of karrikins was not able to rescue defects in 
the d14l mutant (Gutjahr et al., 2015). Absence of D14L impaired most 
root transcriptional responses to germinating spore exudates, implying a 
defect in symbiotic signalling at a very early stage in line with the lack of 
hyphopodia in d14l.  

In response to plant signals such as strigolactones, AM fungi release fungal 
signals that are perceived by the host to facilitate fungal colonization. 
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Figure 2. Different developmental stages during AM symbiosis. (a) Schemetic 
picture showing different developmental stages of AM symbiosis, including 
germinating spores, extraradical mycelium (ERM), intraradical mycelium (IRM), and 
arbuscule (ARB). Blue and yellow IRM and ARB indicate arum-type or paris type 
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developmented in Medicago truncatula in symbiosis with Rhizophagus irregularis. 
WGA Alexa 488 was used to visualize fungal structures. Scale bar = 50μm.
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Arbuscular mycorrhiza (AM) fungi, affiliated to the fungal Glomeromycotina 
subphylum, can form a symbiotic interaction with the majority (>80%) 
of land plants (S., Smith and Read, 2008; Spatafora et al., 2016). They 
can benefit their hosts in multiple ways. The primary advantage of AM 
fungi is that they facilitate host uptake of limiting mineral nutrients such 
as phosphate, nitrogen, or microelements from the soil by developing 
extensive extraradical hyphal mycelium, which expand the absorption 
surface of the host root system (S., Smith and Read, 2008). Furthermore, 
AM fungi provide protection against plant pathogens, for example by 
improving host fitness, competing for colonization sites with pathogens 
or the activation of systemic acquired resistance. Additionally, they affect 
the microbiome surrounding the roots and improve soil structure. In 
return for such benefits, AM fungi receive considerable amounts (up to 
20%) of photosynthetic carbohydrates (Jakobsen and Rosendahl, 1990) 
and/or lipids from the plant (Keymer et al., 2017; Luginbuehl et al., 
2017; Jiang et al., 2017; Bravo et al., 2017; Helber et al., 2011). In fact, 
AM fungi have become obligate biotrophs that fully depend on their host 
plants to complete their lifecycle.

The AM symbiosis is predicted to have originated about 450 million years 
ago, by the same time that plants started to colonize the land (Remy et al., 
1994). This, together with the extremely broad host-range of AM fungi, 
indicates that both plant and fungal partners have co-evolved to maintain 
the symbiosis. The mechanisms behind the extremely high compatibility 
of AM fungi are still largely unknown. On one hand, symbiotic signalling 
triggered by mycorrhizal (myc) factors is required to efficiently colonize 
host plants (Fig.1). In addition, a successful AM symbiosis requires a 
strict coordination of nutrient exchange by both partners. Although 
insight into the fungal components that control the symbiosis has lagged 
behind compared to those of the plant, major progress has been made in 
recent years through the availability of the first AM fungal genome and 
transcriptome (Tisserant et al., 2012; Tisserant et al., 2013; Lin et al., 
2014a). It is becoming clear that, on top of myc-factor signalling, AM 
fungi use effector proteins to achieve a successful symbiosis (Lin et al., 
2014a; Tisserant et al., 2013; Tisserant et al., 2012; Kloppholz et al., 
2011). Here, I will give an overview of the AM symbiosis with a focus 
on symbiotic signalling, effector biology and nutrient exchange in AM 
symbiosis.  
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The best studied fungal signals are chitin-based compounds such as lipo-
chitooligosaccharides (LCOs) or short-chain chitooligosaccharides (COs) 
(Maillet et al., 2011; Genre et al., 2013). Myc-LCOs are structurally 
similar to rhizobial Nod-LCOs, called Nod factors (Maillet et al., 2011). 
They also share functional commonalities such as promotion of lateral 
root formation and activation of a so-called common symbiotic signalling 
pathway (Figure 1) leading to nuclear calcium spiking and symbiotic 
gene expression. Nod-LCOs are perceived by plant Lysin-motif (LysM) 
receptor(s) (kinases) such as LYK3/NFP or NFR1/NFR5 in the model 
legumes Medicago truncatula and Lotus japonicus, respectively (Limpens 
et al., 2003; Oláh et al., 2005; Broghammer et al., 2012; Radutoiu et al., 
2003).  Therefore, it is hypothesized that LysM receptors are also required 
to perceive Myc-LCOs. In support of this, non-sulfated myc-LCOs failed 
to trigger lateral root formation in the Medicago nfp mutant (Maillet et 
al., 2011). However, considerable mycorrhization is still retained in the 
Medicago nfp mutant, suggesting that functionally redundant receptors are 
involved in myc-LCO perception (Maillet et al., 2011).  In non-nodulating 
plant species such as rice, myc-factors were shown to be perceived by the 
LysM receptor kinase OsCERK1(Zhang et al., 2015a; Miyata et al., 2014). 
OsCERK1 represents the ortholog of Arabidopsis AtCERK1 and function as 
a co-receptor for chitin-triggered immune responses by interacting with 
co-receptors OsCEBiP in case of rice and AtLYK4/5 in Arabidopsis (Shimizu 
et al., 2010; Miya et al., 2007; Cao et al., 2014). Reduced mycorrhization 
was observed in the rice cerk1 mutant but not cebip, indicating that 
OsCERK1 is a receptor involved in both symbiosis and immunity (Zhang 
et al., 2015a; Miyata et al., 2014). Apart from LCOs, short-chain COs 
(mainly CO4 and CO5) are another class of myc-factors. Secretion of 
fungal myc-COs was shown to be stimulated by strigolactone treatment 
and application to roots induced symbiotic responses, such as calcium 
spiking, in different hosts (Genre et al., 2013). A recent study identified 
Medicago (MtLYK9, MtLYR4) and Lotus (LjLys6) LysM domain containing 
receptor-like kinases as receptors for longer chain COs (such as CO7/8)  
to trigger defense responses (Bozsoki et al., 2017). Mutation of these 
receptors impaired chitin-triggered immune responses, but still allowed a 
successful, although slightly reduced, AM symbiosis  (Bozsoki et al., 2017; 
Gibelin‐Viala et al., 2019). Therefore, it is proposed that different LysM-
receptor kinase containing complexes are required to perceive symbiotic 
LCOs and short chain CO’s in Medicago and Lotus (Bozsoki et al., 2017). 
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In line with this, a double mutant of MtNFP and MtLYK9 showed a much 
more severe reduction in mycorrhization levels compared to the single 
mutants (Giles Oldroyd, personal communication).

Epidermal penetration and intraradical colonization

Signal perception by plant and fungal partners stimulates root growth 
and hyphal branching, respectively, to facilitate physical contact of 
both partners. After physical contact, the AM fungal hyphal tip can 
form a special structure, called a hyphopodium, from which the fungus 
can penetrate the root epidermis. The formation of a hyphopodium is 
likely controlled by pre-contact signalling, as the N-acetylglucosamine 
(GlcNAc) transporter mutant nope1 and karrinkin-receptor mutant d14l 
are both impaired in hyphopodium formation (Nadal et al., 2017; Gutjahr 
et al., 2015).  After hyphopodia develop, the plant host rearranges its 
cytoskeleton to be ready for hyphal penetration. A specialized structure 
called pre-penetration apparatus (PPA), composed of ER cisternae, actin 
and microtubules is assembled in the epidermal cell shortly before hyphal 
penetration, providing a path for fungal hyphae to cross the cell  (Genre 
et al., 2005; Genre et al., 2008). Genomic and transcriptomic studies 
revealed that AM fungi lack enzymes to degrade plant cell walls (Tisserant 
et al., 2012; Tisserant et al., 2013). Therefore, penetration of the plant 
cell wall during fungal colonization is dependent on enzymes of the host. 

Formation of the PPA and subsequent epidermal crossing requires 
the activation of the common symbiotic signaling pathway (Fig. 1). 
Consistently, root colonization is impaired in mutants of the CSSP. Ectopic 
expression of an auto-active version of LjCCaMK is sufficient to induce the 
formation of PPA-like structures in the absence of the fungus (Takeda et 
al., 2012), suggesting that PPA formation is controlled by the CSSP. Active 
symbiotic signalling is likely required for fungal infection throughout the 
root. In line with this, calcium spiking was observed in cortical cell nuclei 
upon fungal penetration (Sieberer et al., 2012). 

Once past the epidermis, AM fungi show a range of growth strategies 
inside the root that range from the so-called “Arum-type” to the “Paris-
type” (Fig. 2a). In Arum-type infection, the fungal hyphae grow in the 
intercellular space between cortex cells. After fungal hyphae reach inner 
cortical cells, the hyphae penetrate into the cells to form arbuscules (Fig. 
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Figure 1. Common symbiotic signaling pathway. This signaling pathway is 
essential for a successful AM symbiosis as well as for the rhizobium-legume 
symbiosis. To initiate the signaling, Myc-factors (1) and Nod-factors (2) are 
perceived by plant LysM receptors (5, 6, 7, 8). These are thought to form a 
complex with MtDMI2/LjSYMRK (3, 4), which interacts with a 3-hydroxy-3-
methylglutaryl coenzyme A reductase 1 (MtHMGR, 9). This interaction generate 
mevalonate as a potential secondary messenger to the nucleus (9). Activation of 
the CSSP eventually leads to nuclear calcium spiking. This is mediated by nuclear 
envelope located potassium (10, 11), calcium channels (12) and a calcium-
transporting ATPase (20). In addition, components of the nucleoporin complex 
are required for calcium spiking (21, 22, 23). Calcium spiking is decoded by the 
calmodulin/calcium-dependent protein kinase MtDMI3/LjCCaMK (13, 14), leading 
to phosphorylation and activation of transcription factors MtIPD3/MtIPD3Like/
LjCYCLOPS (15, 16). MtIPD3s or LjCYCLOPS interacts with Medicago or Lotus 
DELLA proteins to initiate downstream signaling of rhizobium symbiosis (17) or 
AM symbiosis (18, 19). 
References 1. (Maillet et al., 2011; Genre et al., 2013); 2. (Lerouge et al., 1990; 
Roche et al., 1991b,a; Schultze et al., 1992); 3. (Endre et al., 2002); 4. (Stracke 
et al., 2002); 5. (Maillet et al., 2011); 6. (Arrighi et al., 2006); 7. (Radutoiu et al., 
2003); 8. (Limpens et al., 2003); 9. (Venkateshwaran et al., 2015); 10. (Ané et 
al., 2004); 11. (Kistner et al., 2005; Riely et al., 2007); 12. (Charpentier et al., 
2016); 13. (Lévy et al., 2004); 14. (Tirichine et al., 2006) ;15. (Messinese et al., 
2007; Ovchinnikova et al., 2011; Horváth et al., 2011; Jin et al., 2018; Lindsay et 
al., 2019); 16. (Yano et al., 2008); 17. (Singh et al., 2014; Jin et al., 2016); 18. 
(Pimprikar et al., 2016); 19. (Floss et al., 2013); 20. (Capoen et al., 2011); 21. 
(Saito et al., 2007); 22. (Groth et al., 2010); 23. (Kanamori et al., 2006).
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The best studied fungal signals are chitin-based compounds such as lipo-
chitooligosaccharides (LCOs) or short-chain chitooligosaccharides (COs) 
(Maillet et al., 2011; Genre et al., 2013). Myc-LCOs are structurally 
similar to rhizobial Nod-LCOs, called Nod factors (Maillet et al., 2011). 
They also share functional commonalities such as promotion of lateral 
root formation and activation of a so-called common symbiotic signalling 
pathway (Figure 1) leading to nuclear calcium spiking and symbiotic 
gene expression. Nod-LCOs are perceived by plant Lysin-motif (LysM) 
receptor(s) (kinases) such as LYK3/NFP or NFR1/NFR5 in the model 
legumes Medicago truncatula and Lotus japonicus, respectively (Limpens 
et al., 2003; Oláh et al., 2005; Broghammer et al., 2012; Radutoiu et al., 
2003).  Therefore, it is hypothesized that LysM receptors are also required 
to perceive Myc-LCOs. In support of this, non-sulfated myc-LCOs failed 
to trigger lateral root formation in the Medicago nfp mutant (Maillet et 
al., 2011). However, considerable mycorrhization is still retained in the 
Medicago nfp mutant, suggesting that functionally redundant receptors are 
involved in myc-LCO perception (Maillet et al., 2011).  In non-nodulating 
plant species such as rice, myc-factors were shown to be perceived by the 
LysM receptor kinase OsCERK1(Zhang et al., 2015a; Miyata et al., 2014). 
OsCERK1 represents the ortholog of Arabidopsis AtCERK1 and function as 
a co-receptor for chitin-triggered immune responses by interacting with 
co-receptors OsCEBiP in case of rice and AtLYK4/5 in Arabidopsis (Shimizu 
et al., 2010; Miya et al., 2007; Cao et al., 2014). Reduced mycorrhization 
was observed in the rice cerk1 mutant but not cebip, indicating that 
OsCERK1 is a receptor involved in both symbiosis and immunity (Zhang 
et al., 2015a; Miyata et al., 2014). Apart from LCOs, short-chain COs 
(mainly CO4 and CO5) are another class of myc-factors. Secretion of 
fungal myc-COs was shown to be stimulated by strigolactone treatment 
and application to roots induced symbiotic responses, such as calcium 
spiking, in different hosts (Genre et al., 2013). A recent study identified 
Medicago (MtLYK9, MtLYR4) and Lotus (LjLys6) LysM domain containing 
receptor-like kinases as receptors for longer chain COs (such as CO7/8)  
to trigger defense responses (Bozsoki et al., 2017). Mutation of these 
receptors impaired chitin-triggered immune responses, but still allowed a 
successful, although slightly reduced, AM symbiosis  (Bozsoki et al., 2017; 
Gibelin‐Viala et al., 2019). Therefore, it is proposed that different LysM-
receptor kinase containing complexes are required to perceive symbiotic 
LCOs and short chain CO’s in Medicago and Lotus (Bozsoki et al., 2017). 
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In line with this, a double mutant of MtNFP and MtLYK9 showed a much 
more severe reduction in mycorrhization levels compared to the single 
mutants (Giles Oldroyd, personal communication).

Epidermal penetration and intraradical colonization

Signal perception by plant and fungal partners stimulates root growth 
and hyphal branching, respectively, to facilitate physical contact of 
both partners. After physical contact, the AM fungal hyphal tip can 
form a special structure, called a hyphopodium, from which the fungus 
can penetrate the root epidermis. The formation of a hyphopodium is 
likely controlled by pre-contact signalling, as the N-acetylglucosamine 
(GlcNAc) transporter mutant nope1 and karrinkin-receptor mutant d14l 
are both impaired in hyphopodium formation (Nadal et al., 2017; Gutjahr 
et al., 2015).  After hyphopodia develop, the plant host rearranges its 
cytoskeleton to be ready for hyphal penetration. A specialized structure 
called pre-penetration apparatus (PPA), composed of ER cisternae, actin 
and microtubules is assembled in the epidermal cell shortly before hyphal 
penetration, providing a path for fungal hyphae to cross the cell  (Genre 
et al., 2005; Genre et al., 2008). Genomic and transcriptomic studies 
revealed that AM fungi lack enzymes to degrade plant cell walls (Tisserant 
et al., 2012; Tisserant et al., 2013). Therefore, penetration of the plant 
cell wall during fungal colonization is dependent on enzymes of the host. 

Formation of the PPA and subsequent epidermal crossing requires 
the activation of the common symbiotic signaling pathway (Fig. 1). 
Consistently, root colonization is impaired in mutants of the CSSP. Ectopic 
expression of an auto-active version of LjCCaMK is sufficient to induce the 
formation of PPA-like structures in the absence of the fungus (Takeda et 
al., 2012), suggesting that PPA formation is controlled by the CSSP. Active 
symbiotic signalling is likely required for fungal infection throughout the 
root. In line with this, calcium spiking was observed in cortical cell nuclei 
upon fungal penetration (Sieberer et al., 2012). 

Once past the epidermis, AM fungi show a range of growth strategies 
inside the root that range from the so-called “Arum-type” to the “Paris-
type” (Fig. 2a). In Arum-type infection, the fungal hyphae grow in the 
intercellular space between cortex cells. After fungal hyphae reach inner 
cortical cells, the hyphae penetrate into the cells to form arbuscules (Fig. 
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Arbuscular mycorrhiza (AM) fungi, affiliated to the fungal Glomeromycotina 
subphylum, can form a symbiotic interaction with the majority (>80%) 
of land plants (S., Smith and Read, 2008; Spatafora et al., 2016). They 
can benefit their hosts in multiple ways. The primary advantage of AM 
fungi is that they facilitate host uptake of limiting mineral nutrients such 
as phosphate, nitrogen, or microelements from the soil by developing 
extensive extraradical hyphal mycelium, which expand the absorption 
surface of the host root system (S., Smith and Read, 2008). Furthermore, 
AM fungi provide protection against plant pathogens, for example by 
improving host fitness, competing for colonization sites with pathogens 
or the activation of systemic acquired resistance. Additionally, they affect 
the microbiome surrounding the roots and improve soil structure. In 
return for such benefits, AM fungi receive considerable amounts (up to 
20%) of photosynthetic carbohydrates (Jakobsen and Rosendahl, 1990) 
and/or lipids from the plant (Keymer et al., 2017; Luginbuehl et al., 
2017; Jiang et al., 2017; Bravo et al., 2017; Helber et al., 2011). In fact, 
AM fungi have become obligate biotrophs that fully depend on their host 
plants to complete their lifecycle.

The AM symbiosis is predicted to have originated about 450 million years 
ago, by the same time that plants started to colonize the land (Remy et al., 
1994). This, together with the extremely broad host-range of AM fungi, 
indicates that both plant and fungal partners have co-evolved to maintain 
the symbiosis. The mechanisms behind the extremely high compatibility 
of AM fungi are still largely unknown. On one hand, symbiotic signalling 
triggered by mycorrhizal (myc) factors is required to efficiently colonize 
host plants (Fig.1). In addition, a successful AM symbiosis requires a 
strict coordination of nutrient exchange by both partners. Although 
insight into the fungal components that control the symbiosis has lagged 
behind compared to those of the plant, major progress has been made in 
recent years through the availability of the first AM fungal genome and 
transcriptome (Tisserant et al., 2012; Tisserant et al., 2013; Lin et al., 
2014a). It is becoming clear that, on top of myc-factor signalling, AM 
fungi use effector proteins to achieve a successful symbiosis (Lin et al., 
2014a; Tisserant et al., 2013; Tisserant et al., 2012; Kloppholz et al., 
2011). Here, I will give an overview of the AM symbiosis with a focus 
on symbiotic signalling, effector biology and nutrient exchange in AM 
symbiosis.  
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2a). This is regarded as the most common strategy in cultivated crop 
plants, which have been studied the most (Dickson, 2004). In contrast, 
in paris-type infection, which occurs more in tree species, fungal hyphae 
penetrate and cross cortical cells, forming coils and/or arbuscule-like side 
branches (Fig. 2a). Arum- or Paris-type infection is dependent on (the 
combination of) plant and fungal genotype (Dickson, 2004). However the 
mechanisms that determine the infection strategy are still unknown. 

Arbuscule development 

After fungal hyphae reach inner cortical cells, they penetrate into the 
cells to form arbuscules. The first step of arbuscule development highly 
resembles PPA formation, followed by the development of an arbuscular 
trunk and subsequent further higher order branches. Arbuscules become 
surrounded by a host membrane, called the peri-arbuscular membrane, 
where many membrane transporters are located to allow efficient nutrient 
transfer (Ivanov et al., 2012). Formation of arbuscules and their life-
time is therefore tightly regulated by the host. Typically, arbuscules are 
relatively short-lived and after 2-5 days they are degraded, after which 
the cortex cell can potentially be colonized again (Kobae and Hata, 2010). 

Because calcium spiking was observed in cortical cells during fungal 
colonization (Sieberer et al., 2012), it is thought that the common 
symbiotic signalling pathway also controls arbuscule formation. However, 
both Ljnena and Ljsymrk mutants, are still able to develop healthy 
arbuscules, despite the fact that epidermal infection is dramatically 
reduced (Stracke et al., 2002; Demchenko et al., 2004; Groth et al., 
2010). This indicates that LjSYMRK/MtDMI2 and LjNENA are only 
essential for fungal colonization of the epidermis, but not for arbuscule 
development in cortical cells. However, mutations of LjCCaMK/MtDMI3 
completely block arbuscule development, suggesting that there must 
be regulatory elements parallel to LjNENA and LjSYMRK that function 
upstream of LjCCaMK/MtDMI3, at least in cortical cells. 

Activated MtDMI3/LjCCaMK in turn phosphorylates proteins to activate 
downstream signalling. A key phospho-target of CCaMK is CYCLOPS 
in Lotus. Mutation of CYCLOPS impairs arbuscule development while 
epidermal colonization is retained (Yano et al., 2008). CYCLOPS is a 
transcription factor that binds to the promoter of the transcription factor 
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RAM1 and induces its transcription (Pimprikar et al., 2016). RAM1 is a 
GRAS type transcription factor. Mutation of RAM1 leads to a severe defect 
in arbuscule development, resulting in only a trunk or bird-feet structure 
in several plant species (Park et al., 2015; Rich et al., 2015; Pimprikar 
et al., 2016). Therefore it was hypothesized that RAM1 is essential 
for hyphal branching during arbuscule development (Pimprikar et al., 
2016). Induction of RAM1 expression by CYCLOPS can be boosted by 
co-expression of a dominant form of DELLA transcriptional regulators, 
which are key repressors of gibberelin (GA) signalling (Pimprikar et 
al., 2016). DELLA proteins are considered to be essential for arbuscule 
development, as a della1/della2 double mutant in Medicago largely 
fails to form arbuscules (Floss et al., 2013). Consistently, application of 
exogenous GA blocks arbuscule development in Lotus, while application 
of the GA antagonist PAC restores arbuscule development in cyclops 
mutants (Pimprikar et al., 2016). Restoration of arbuscule development 
in cyclops mutants or in presence of GA can also be achieved by ectopic 
expression of RAM1 driven by a constitutive promoter (Pimprikar et al., 
2016). These results, together with the observation that PAC treatment 
induces RAM1 expression, places RAM1 downstream of a transcriptional 
regulatory complex formed by CCaMK, CYCLOPS and DELLA (Pimprikar 
et al., 2016). RAM1 was further shown to interact with its close homolog,  
REQUIRED FOR ARBUSCULE DEVELOPMENT (RAD1, Park et al., 2015; 
Xue et al., 2015), and to the DELLA INTERACTING PROTEIN1 (DIP1, Yu et 
al., 2014), likely forming higher order heteromeric complexes to control 
arbuscule branching (Pimprikar et al., 2016).

Recent promoter binding studies revealed an important role for AM-induced 
AP2 transcription factors in Medicago and Lotus, downstream of RAM1. The 
Lotus AP2 transcription factor CBX1 and its Medicago homolog WRINKLED 
transcription factor WRI5a were shown to directly bind to the promoters 
and induce the expression of arbuscule-specific nutrient transporter 
genes, such as MtSTR/MtSTR2 thought to be involved in fatty acid (FA) 
transport and the arbuscule-specific phosphate transporter PT4 (Jiang et 
al., 2018; Xue et al., 2018). Interestingly, transactivation of MtWRI5a 
also induced expression of MtRAM1, and vice versa (Jiang et al., 2018). 
This indicates that RAM1 and WRI5a are forming a positive regulatory 
loop in arbuscule-containing cells, to ensure sufficient expression level of 
downstream genes (Jiang et al., 2018). LjCBX1 and MtWRI5 were shown 



13

General introduction

1
MtLYK9?

MtNFP(5)

MtDMI2(3)

LjSYMRK(4)

Myc-factors(1)

MtDMI1(10)

LjCASTOR/PULLOX(11)

MtCNGC15s(12)
Mevalonate?(9)

MtNFP(6)

LjNFR5(7)

MtDMI2(3)

LjSYMRK(4)

MtLYK3(8)

LjNFR1(7) Mevalonate?(9)

Nod-factors(2)

Ca+

MtDMI3(13)

LjCCaMK(14)

MtIPD3s(15)

LjCYCLOPS(16)

PMtDELLA(17)

LjDELLA?

Ca+

K+

Myc-signaling (e.g. RAM1 induction)

Nod-signaling (e.g. NIN induction)

Cytoplasm

Plasmamembrane

MtDMI3(13)

LjCCaMK(14)

MtIPD3s(15)

LjCYCLOPS(16)

PMtDELLA(19)

LjDELLA(18)

Ca+Nucleus

MtMCAs(20)

?
?

LjNUP85(21)

LjNENA(22)

LjNUP133(23)

Ca+

Nucleoporin 
complex

Figure 1. Common symbiotic signaling pathway. This signaling pathway is 
essential for a successful AM symbiosis as well as for the rhizobium-legume 
symbiosis. To initiate the signaling, Myc-factors (1) and Nod-factors (2) are 
perceived by plant LysM receptors (5, 6, 7, 8). These are thought to form a 
complex with MtDMI2/LjSYMRK (3, 4), which interacts with a 3-hydroxy-3-
methylglutaryl coenzyme A reductase 1 (MtHMGR, 9). This interaction generate 
mevalonate as a potential secondary messenger to the nucleus (9). Activation of 
the CSSP eventually leads to nuclear calcium spiking. This is mediated by nuclear 
envelope located potassium (10, 11), calcium channels (12) and a calcium-
transporting ATPase (20). In addition, components of the nucleoporin complex 
are required for calcium spiking (21, 22, 23). Calcium spiking is decoded by the 
calmodulin/calcium-dependent protein kinase MtDMI3/LjCCaMK (13, 14), leading 
to phosphorylation and activation of transcription factors MtIPD3/MtIPD3Like/
LjCYCLOPS (15, 16). MtIPD3s or LjCYCLOPS interacts with Medicago or Lotus 
DELLA proteins to initiate downstream signaling of rhizobium symbiosis (17) or 
AM symbiosis (18, 19). 
References 1. (Maillet et al., 2011; Genre et al., 2013); 2. (Lerouge et al., 1990; 
Roche et al., 1991b,a; Schultze et al., 1992); 3. (Endre et al., 2002); 4. (Stracke 
et al., 2002); 5. (Maillet et al., 2011); 6. (Arrighi et al., 2006); 7. (Radutoiu et al., 
2003); 8. (Limpens et al., 2003); 9. (Venkateshwaran et al., 2015); 10. (Ané et 
al., 2004); 11. (Kistner et al., 2005; Riely et al., 2007); 12. (Charpentier et al., 
2016); 13. (Lévy et al., 2004); 14. (Tirichine et al., 2006) ;15. (Messinese et al., 
2007; Ovchinnikova et al., 2011; Horváth et al., 2011; Jin et al., 2018; Lindsay et 
al., 2019); 16. (Yano et al., 2008); 17. (Singh et al., 2014; Jin et al., 2016); 18. 
(Pimprikar et al., 2016); 19. (Floss et al., 2013); 20. (Capoen et al., 2011); 21. 
(Saito et al., 2007); 22. (Groth et al., 2010); 23. (Kanamori et al., 2006).
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2a). This is regarded as the most common strategy in cultivated crop 
plants, which have been studied the most (Dickson, 2004). In contrast, 
in paris-type infection, which occurs more in tree species, fungal hyphae 
penetrate and cross cortical cells, forming coils and/or arbuscule-like side 
branches (Fig. 2a). Arum- or Paris-type infection is dependent on (the 
combination of) plant and fungal genotype (Dickson, 2004). However the 
mechanisms that determine the infection strategy are still unknown. 

Arbuscule development 

After fungal hyphae reach inner cortical cells, they penetrate into the 
cells to form arbuscules. The first step of arbuscule development highly 
resembles PPA formation, followed by the development of an arbuscular 
trunk and subsequent further higher order branches. Arbuscules become 
surrounded by a host membrane, called the peri-arbuscular membrane, 
where many membrane transporters are located to allow efficient nutrient 
transfer (Ivanov et al., 2012). Formation of arbuscules and their life-
time is therefore tightly regulated by the host. Typically, arbuscules are 
relatively short-lived and after 2-5 days they are degraded, after which 
the cortex cell can potentially be colonized again (Kobae and Hata, 2010). 

Because calcium spiking was observed in cortical cells during fungal 
colonization (Sieberer et al., 2012), it is thought that the common 
symbiotic signalling pathway also controls arbuscule formation. However, 
both Ljnena and Ljsymrk mutants, are still able to develop healthy 
arbuscules, despite the fact that epidermal infection is dramatically 
reduced (Stracke et al., 2002; Demchenko et al., 2004; Groth et al., 
2010). This indicates that LjSYMRK/MtDMI2 and LjNENA are only 
essential for fungal colonization of the epidermis, but not for arbuscule 
development in cortical cells. However, mutations of LjCCaMK/MtDMI3 
completely block arbuscule development, suggesting that there must 
be regulatory elements parallel to LjNENA and LjSYMRK that function 
upstream of LjCCaMK/MtDMI3, at least in cortical cells. 

Activated MtDMI3/LjCCaMK in turn phosphorylates proteins to activate 
downstream signalling. A key phospho-target of CCaMK is CYCLOPS 
in Lotus. Mutation of CYCLOPS impairs arbuscule development while 
epidermal colonization is retained (Yano et al., 2008). CYCLOPS is a 
transcription factor that binds to the promoter of the transcription factor 
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RAM1 and induces its transcription (Pimprikar et al., 2016). RAM1 is a 
GRAS type transcription factor. Mutation of RAM1 leads to a severe defect 
in arbuscule development, resulting in only a trunk or bird-feet structure 
in several plant species (Park et al., 2015; Rich et al., 2015; Pimprikar 
et al., 2016). Therefore it was hypothesized that RAM1 is essential 
for hyphal branching during arbuscule development (Pimprikar et al., 
2016). Induction of RAM1 expression by CYCLOPS can be boosted by 
co-expression of a dominant form of DELLA transcriptional regulators, 
which are key repressors of gibberelin (GA) signalling (Pimprikar et 
al., 2016). DELLA proteins are considered to be essential for arbuscule 
development, as a della1/della2 double mutant in Medicago largely 
fails to form arbuscules (Floss et al., 2013). Consistently, application of 
exogenous GA blocks arbuscule development in Lotus, while application 
of the GA antagonist PAC restores arbuscule development in cyclops 
mutants (Pimprikar et al., 2016). Restoration of arbuscule development 
in cyclops mutants or in presence of GA can also be achieved by ectopic 
expression of RAM1 driven by a constitutive promoter (Pimprikar et al., 
2016). These results, together with the observation that PAC treatment 
induces RAM1 expression, places RAM1 downstream of a transcriptional 
regulatory complex formed by CCaMK, CYCLOPS and DELLA (Pimprikar 
et al., 2016). RAM1 was further shown to interact with its close homolog,  
REQUIRED FOR ARBUSCULE DEVELOPMENT (RAD1, Park et al., 2015; 
Xue et al., 2015), and to the DELLA INTERACTING PROTEIN1 (DIP1, Yu et 
al., 2014), likely forming higher order heteromeric complexes to control 
arbuscule branching (Pimprikar et al., 2016).

Recent promoter binding studies revealed an important role for AM-induced 
AP2 transcription factors in Medicago and Lotus, downstream of RAM1. The 
Lotus AP2 transcription factor CBX1 and its Medicago homolog WRINKLED 
transcription factor WRI5a were shown to directly bind to the promoters 
and induce the expression of arbuscule-specific nutrient transporter 
genes, such as MtSTR/MtSTR2 thought to be involved in fatty acid (FA) 
transport and the arbuscule-specific phosphate transporter PT4 (Jiang et 
al., 2018; Xue et al., 2018). Interestingly, transactivation of MtWRI5a 
also induced expression of MtRAM1, and vice versa (Jiang et al., 2018). 
This indicates that RAM1 and WRI5a are forming a positive regulatory 
loop in arbuscule-containing cells, to ensure sufficient expression level of 
downstream genes (Jiang et al., 2018). LjCBX1 and MtWRI5 were shown 
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Arbuscular mycorrhiza (AM) fungi, affiliated to the fungal Glomeromycotina 
subphylum, can form a symbiotic interaction with the majority (>80%) 
of land plants (S., Smith and Read, 2008; Spatafora et al., 2016). They 
can benefit their hosts in multiple ways. The primary advantage of AM 
fungi is that they facilitate host uptake of limiting mineral nutrients such 
as phosphate, nitrogen, or microelements from the soil by developing 
extensive extraradical hyphal mycelium, which expand the absorption 
surface of the host root system (S., Smith and Read, 2008). Furthermore, 
AM fungi provide protection against plant pathogens, for example by 
improving host fitness, competing for colonization sites with pathogens 
or the activation of systemic acquired resistance. Additionally, they affect 
the microbiome surrounding the roots and improve soil structure. In 
return for such benefits, AM fungi receive considerable amounts (up to 
20%) of photosynthetic carbohydrates (Jakobsen and Rosendahl, 1990) 
and/or lipids from the plant (Keymer et al., 2017; Luginbuehl et al., 
2017; Jiang et al., 2017; Bravo et al., 2017; Helber et al., 2011). In fact, 
AM fungi have become obligate biotrophs that fully depend on their host 
plants to complete their lifecycle.

The AM symbiosis is predicted to have originated about 450 million years 
ago, by the same time that plants started to colonize the land (Remy et al., 
1994). This, together with the extremely broad host-range of AM fungi, 
indicates that both plant and fungal partners have co-evolved to maintain 
the symbiosis. The mechanisms behind the extremely high compatibility 
of AM fungi are still largely unknown. On one hand, symbiotic signalling 
triggered by mycorrhizal (myc) factors is required to efficiently colonize 
host plants (Fig.1). In addition, a successful AM symbiosis requires a 
strict coordination of nutrient exchange by both partners. Although 
insight into the fungal components that control the symbiosis has lagged 
behind compared to those of the plant, major progress has been made in 
recent years through the availability of the first AM fungal genome and 
transcriptome (Tisserant et al., 2012; Tisserant et al., 2013; Lin et al., 
2014a). It is becoming clear that, on top of myc-factor signalling, AM 
fungi use effector proteins to achieve a successful symbiosis (Lin et al., 
2014a; Tisserant et al., 2013; Tisserant et al., 2012; Kloppholz et al., 
2011). Here, I will give an overview of the AM symbiosis with a focus 
on symbiotic signalling, effector biology and nutrient exchange in AM 
symbiosis.  
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to be able to bind to cis-regulatory elements, including MYCS and/or an 
AW-box, which are enriched in the promoter of various arbuscule-specific 
genes that control the bidirectional exchange of phosphorus and FAs (Xue 
et al., 2018). In addition to phosphate transporters such as LjPT4, LjCBX1 
was shown to induce LjRAM2 by promoter binding (Xue et al., 2018). 
RAM2 encodes a glycerol-3-phosphate acyltransferase which functions to 
transform C16:0-FA and glycerol-3-phosphate to C16:0 monoacylglycerol 
(C16:0 β-MAG) during lipid biosynthesis. Mutation of RAM2 leads to the 
early degeneration of arbuscules similar to mtpt4 mutants, likely due to 
a defect in the supply of FAs to the fungus.

Considering the function of arbuscules in nutrient transfer, various 
transporters need to be precisely targeted to the peri-arbuscular 
membrane. For instance, the best know symbiotic nutrient transporter 
MtPT4, as well as the proton pump MtHA1 which generates the proton 
gradient to energize MtPT4, and the proposed lipid transporters MtSTR 
and MtSTR2, are localized only on the fine branches of the peri-arbuscular 
membrane (PAM) (Javot et al., 2007; Wang et al., 2014a; Krajinski et 
al., 2014; Zhang et al., 2010). This indicates that exocytic pathways 
are precisely regulated in arbuscule-containing cells. Recent studies 
suggested the importance of a symbiosis-dedicated exocytic pathway in 
arbuscule formation in AM symbiosis (Zhang et al., 2015b; Ivanov et al., 
2012; Huisman et al., 2016). Knockdown lines of symbiosis-dedicated 
vesicle SNAREs VAMP721d/e or target-SNARE SYP132α in Medicago were 
shown to be severely hampered in arbuscule development (Ivanov et 
al., 2012; Huisman et al., 2016). Furthermore, an exocyst component 
MtEXO70i was shown to localize to the tip region of the arbuscule fine 
branches, where it interacts with MtVAPYRIN (Zhang et al., 2015b). 
MtVAPYRIN contains an N-terminal VAMP-associated protein (VAP)/major 
sperm protein (MSP) domain and a C-terminal ankyrin-repeat domain 
(Pumplin et al., 2010). Knock-out/down mutants of MtVAPYRIN are unable 
to form arbuscules and are also impaired in epidermal passage (Murray 
et al., 2011). Medicago exo70i mutant showed limited incorporation of 
STRs into the peri-arbuscular membrane, which may cause the early 
degenerating arbuscule phenotype in the exo70i mutant (Zhang et al., 
2015b). The fact that Mtvapyrin mutants show a more severe defect in 
arbuscule formation suggests that additional EXO70 members may be 
involved (Zhang et al., 2015b). In addition to a regulated exocytosis 
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pathway, the specific localization of nutrient transporters is also tightly 
regulated by the precise timing of transcription in arbuscule-containing 
cells. It was reported that a transient reorientation of secretion from 
plasma membrane to PAM occurs during arbuscule development (Pumplin 
et al., 2012). This is supported by the fact that expression of a membrane 
localized phosphate transporter MtPT1 driven by the arbuscule-specific 
MtPT4 promoter is sufficient to localize MtPT1 to the fine branches of 
the peri-arbuscular membrane, whilst MtPT1 protein driven by the 35S 
promoter (which is switched off upon arbuscule formation) showed 
plasma membrane localization (Pumplin et al., 2012). These observations 
suggest a substantial remodeling of membrane trafficking in arbuscule-
containing cells. 

Nutrient transfer in AM symbiosis 

AM fungi are well known for their ability to absorb mineral nutrients 
by their highly developed extraradical hyphal network and to transfer 
these to the plant host. Phosphate transfer is generally considered as the 
most important function of AM symbiosis. Inorganic phosphate can be 
taken up by high affinity phosphate transporters located in the AM fungal 
extraradical mycelium (Harrison and Buuren, 1995; Maldonado-Mendoza 
et al., 2001). The phosphate can be converted into polyphosphate to be 
stored in the vacuole and transported to intraradical mycelium through 
aquaporin-mediated water flow (Kikuchi et al., 2016). Arbuscules are 
considered to be the main site for phosphate transfer to the hosts. However, 
how phosphate can be unloaded to the peri-arbuscular space is currently 
still not known, although several potential phosphate transporters were 
identified in genomic or transcriptomic studies (Tisserant et al., 2012, 
2013; Chapter 3). Phosphate can then be taken up by the plant from 
the peri-arbuscular space via arbuscule-specific phosphate transporters 
such as MtPT4, that are fuelled by a proton gradient generated by a peri-
arbuscular membrane located proton pump (Javot et al., 2007; Wang et 
al., 2014a; Krajinski et al., 2014). In addition to their role in inorganic 
phosphate uptake, AM fungi were proposed to utilize organic phosphate 
such as phytate either by secreting acid phosphatases or by cooperating 
with phosphate solubilizing bacteria associated with fungal hyphae (Zhang 
et al., 2016; Sato et al., 2015). In addition to phosphate transporters, 
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Figure 1. Common symbiotic signaling pathway. This signaling pathway is 
essential for a successful AM symbiosis as well as for the rhizobium-legume 
symbiosis. To initiate the signaling, Myc-factors (1) and Nod-factors (2) are 
perceived by plant LysM receptors (5, 6, 7, 8). These are thought to form a 
complex with MtDMI2/LjSYMRK (3, 4), which interacts with a 3-hydroxy-3-
methylglutaryl coenzyme A reductase 1 (MtHMGR, 9). This interaction generate 
mevalonate as a potential secondary messenger to the nucleus (9). Activation of 
the CSSP eventually leads to nuclear calcium spiking. This is mediated by nuclear 
envelope located potassium (10, 11), calcium channels (12) and a calcium-
transporting ATPase (20). In addition, components of the nucleoporin complex 
are required for calcium spiking (21, 22, 23). Calcium spiking is decoded by the 
calmodulin/calcium-dependent protein kinase MtDMI3/LjCCaMK (13, 14), leading 
to phosphorylation and activation of transcription factors MtIPD3/MtIPD3Like/
LjCYCLOPS (15, 16). MtIPD3s or LjCYCLOPS interacts with Medicago or Lotus 
DELLA proteins to initiate downstream signaling of rhizobium symbiosis (17) or 
AM symbiosis (18, 19). 
References 1. (Maillet et al., 2011; Genre et al., 2013); 2. (Lerouge et al., 1990; 
Roche et al., 1991b,a; Schultze et al., 1992); 3. (Endre et al., 2002); 4. (Stracke 
et al., 2002); 5. (Maillet et al., 2011); 6. (Arrighi et al., 2006); 7. (Radutoiu et al., 
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to be able to bind to cis-regulatory elements, including MYCS and/or an 
AW-box, which are enriched in the promoter of various arbuscule-specific 
genes that control the bidirectional exchange of phosphorus and FAs (Xue 
et al., 2018). In addition to phosphate transporters such as LjPT4, LjCBX1 
was shown to induce LjRAM2 by promoter binding (Xue et al., 2018). 
RAM2 encodes a glycerol-3-phosphate acyltransferase which functions to 
transform C16:0-FA and glycerol-3-phosphate to C16:0 monoacylglycerol 
(C16:0 β-MAG) during lipid biosynthesis. Mutation of RAM2 leads to the 
early degeneration of arbuscules similar to mtpt4 mutants, likely due to 
a defect in the supply of FAs to the fungus.

Considering the function of arbuscules in nutrient transfer, various 
transporters need to be precisely targeted to the peri-arbuscular 
membrane. For instance, the best know symbiotic nutrient transporter 
MtPT4, as well as the proton pump MtHA1 which generates the proton 
gradient to energize MtPT4, and the proposed lipid transporters MtSTR 
and MtSTR2, are localized only on the fine branches of the peri-arbuscular 
membrane (PAM) (Javot et al., 2007; Wang et al., 2014a; Krajinski et 
al., 2014; Zhang et al., 2010). This indicates that exocytic pathways 
are precisely regulated in arbuscule-containing cells. Recent studies 
suggested the importance of a symbiosis-dedicated exocytic pathway in 
arbuscule formation in AM symbiosis (Zhang et al., 2015b; Ivanov et al., 
2012; Huisman et al., 2016). Knockdown lines of symbiosis-dedicated 
vesicle SNAREs VAMP721d/e or target-SNARE SYP132α in Medicago were 
shown to be severely hampered in arbuscule development (Ivanov et 
al., 2012; Huisman et al., 2016). Furthermore, an exocyst component 
MtEXO70i was shown to localize to the tip region of the arbuscule fine 
branches, where it interacts with MtVAPYRIN (Zhang et al., 2015b). 
MtVAPYRIN contains an N-terminal VAMP-associated protein (VAP)/major 
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to form arbuscules and are also impaired in epidermal passage (Murray 
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STRs into the peri-arbuscular membrane, which may cause the early 
degenerating arbuscule phenotype in the exo70i mutant (Zhang et al., 
2015b). The fact that Mtvapyrin mutants show a more severe defect in 
arbuscule formation suggests that additional EXO70 members may be 
involved (Zhang et al., 2015b). In addition to a regulated exocytosis 
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the peri-arbuscular membrane, whilst MtPT1 protein driven by the 35S 
promoter (which is switched off upon arbuscule formation) showed 
plasma membrane localization (Pumplin et al., 2012). These observations 
suggest a substantial remodeling of membrane trafficking in arbuscule-
containing cells. 

Nutrient transfer in AM symbiosis 

AM fungi are well known for their ability to absorb mineral nutrients 
by their highly developed extraradical hyphal network and to transfer 
these to the plant host. Phosphate transfer is generally considered as the 
most important function of AM symbiosis. Inorganic phosphate can be 
taken up by high affinity phosphate transporters located in the AM fungal 
extraradical mycelium (Harrison and Buuren, 1995; Maldonado-Mendoza 
et al., 2001). The phosphate can be converted into polyphosphate to be 
stored in the vacuole and transported to intraradical mycelium through 
aquaporin-mediated water flow (Kikuchi et al., 2016). Arbuscules are 
considered to be the main site for phosphate transfer to the hosts. However, 
how phosphate can be unloaded to the peri-arbuscular space is currently 
still not known, although several potential phosphate transporters were 
identified in genomic or transcriptomic studies (Tisserant et al., 2012, 
2013; Chapter 3). Phosphate can then be taken up by the plant from 
the peri-arbuscular space via arbuscule-specific phosphate transporters 
such as MtPT4, that are fuelled by a proton gradient generated by a peri-
arbuscular membrane located proton pump (Javot et al., 2007; Wang et 
al., 2014a; Krajinski et al., 2014). In addition to their role in inorganic 
phosphate uptake, AM fungi were proposed to utilize organic phosphate 
such as phytate either by secreting acid phosphatases or by cooperating 
with phosphate solubilizing bacteria associated with fungal hyphae (Zhang 
et al., 2016; Sato et al., 2015). In addition to phosphate transporters, 
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Arbuscular mycorrhiza (AM) fungi, affiliated to the fungal Glomeromycotina 
subphylum, can form a symbiotic interaction with the majority (>80%) 
of land plants (S., Smith and Read, 2008; Spatafora et al., 2016). They 
can benefit their hosts in multiple ways. The primary advantage of AM 
fungi is that they facilitate host uptake of limiting mineral nutrients such 
as phosphate, nitrogen, or microelements from the soil by developing 
extensive extraradical hyphal mycelium, which expand the absorption 
surface of the host root system (S., Smith and Read, 2008). Furthermore, 
AM fungi provide protection against plant pathogens, for example by 
improving host fitness, competing for colonization sites with pathogens 
or the activation of systemic acquired resistance. Additionally, they affect 
the microbiome surrounding the roots and improve soil structure. In 
return for such benefits, AM fungi receive considerable amounts (up to 
20%) of photosynthetic carbohydrates (Jakobsen and Rosendahl, 1990) 
and/or lipids from the plant (Keymer et al., 2017; Luginbuehl et al., 
2017; Jiang et al., 2017; Bravo et al., 2017; Helber et al., 2011). In fact, 
AM fungi have become obligate biotrophs that fully depend on their host 
plants to complete their lifecycle.

The AM symbiosis is predicted to have originated about 450 million years 
ago, by the same time that plants started to colonize the land (Remy et al., 
1994). This, together with the extremely broad host-range of AM fungi, 
indicates that both plant and fungal partners have co-evolved to maintain 
the symbiosis. The mechanisms behind the extremely high compatibility 
of AM fungi are still largely unknown. On one hand, symbiotic signalling 
triggered by mycorrhizal (myc) factors is required to efficiently colonize 
host plants (Fig.1). In addition, a successful AM symbiosis requires a 
strict coordination of nutrient exchange by both partners. Although 
insight into the fungal components that control the symbiosis has lagged 
behind compared to those of the plant, major progress has been made in 
recent years through the availability of the first AM fungal genome and 
transcriptome (Tisserant et al., 2012; Tisserant et al., 2013; Lin et al., 
2014a). It is becoming clear that, on top of myc-factor signalling, AM 
fungi use effector proteins to achieve a successful symbiosis (Lin et al., 
2014a; Tisserant et al., 2013; Tisserant et al., 2012; Kloppholz et al., 
2011). Here, I will give an overview of the AM symbiosis with a focus 
on symbiotic signalling, effector biology and nutrient exchange in AM 
symbiosis.  
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a few ammonium and nitrate transporters were identified in AM fungi 
(López-Pedrosa et al., 2006; Pérez-Tienda et al., 2011; Calabrese et 
al., 2016). Such transporters are thought to enable AM fungi to take 
up nitrogen from the soil and to supply it to the host, mainly in the 
form of ammonium or ammonia (Fellbaum et al., 2012; Govindarajulu et 
al., 2005).Consistently, many plant ammonium transporters are induced 
upon AM symbiosis in various plant species (Guether et al., 2009a; 
Guether et al., 2009b; Koegel et al., 2013; Kobae et al., 2010) of which 
some have been shown to be located at the peri-arbuscular membrane, 
such as SbAMT3;1 (Koegel et al., 2013) or GmAMT4.1 (Kobae et al., 
2010). However, it should be noted that arbuscule-specific ammonium 
transporters may also convey other functions. For instance, Medicago 
AMT2;3 does not show any ammonium transport activity, but instead 
is involved in controlling arbuscule maintenance under low nitrogen 
conditions (Breuillin-Sessoms et al., 2015). Therefore AMT2;3 may 
function as a transceptor. 

In addition to mineral nitrogen, it was reported that AM fungi can also 
utilize (peptide- and protein-bound) amino acids from the environment 
as organic nitrogen/nutrient source (Cappellazzo et al., 2008). 
Mycorrhization was shown to modify the amino acid composition in the 
host, by facilitating the uptake of neutral or positively-charged amino 
acids rather than negatively-charged amino acids (Whiteside et al., 
2012). In addition, an AM fungal peptide transporter was shown to be 
upregulated in intraradical stage of the symbiosis (Belmondo et al., 
2014). Besides a role in amino acid supply to the plant, such amino acid 
or peptide transporters could also be involved in uptake of amino acids 
or peptides from the host. Interestingly, many amino acid transporters 
and oligopeptide transporters were also discovered in the genome of 
the obligate biotrophic pathogenic rust fungi (Duplessis et al., 2011). 
Whether acquiring amino acids or peptides from the hosts is a wide-spread 
mechanism in plant-microbe interactions remains to be determined. AM 
symbiosis was also reported to be able to provide potassium to the host, 
which is likely mediated by arbuscule-specific potassium transporters 
such as SiHAK10 in tomato (Liu et al., 2019). Last, AM symbiosis was 
shown to increase other metal ions such as iron nutrient levels in host 
plants, although the underlying transport mechanisms are not understood 
yet (Garcia et al., 2017; Chorianopoulou et al., 2015).
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AM fungi are obligate biotrophs that fully rely on the plant host for supply 
of energy sources as well as several micronutrients. Isotope tracer 
studies have indicated that hexoses, especially glucose, are transferred 
from the host to AM fungi (Solaiman and Saito, 1997; Shachar-Hill et 
al., 1995; Bago et al., 2003; Bago et al., 2000). Consistently, a high 
affinity monosaccharide transporter called RiMST2 (MONOSACCHARIDE 
TRANSPORTER 2) was identified in the AM fungus Rhizophagus irregularis 
(Helber et al., 2011). In addition to glucose, RiMST2 was suggested to 
transport cell wall monosaccharides. RiMST2 is predominantly expressed 
in arbuscule-containing cells and intraradical hyphae and is required for 
proper development of arbuscules and the level of fungal colonization 
(Helber et al., 2011). Whether sugars are actively transported across 
the PAM to be taken up by the fungus is still unknown. Recently, SWEET 
transporters have been identified in Arabidopsis thaliana as major sugar 
efflux transporters (Chen et al., 2012). SWEET transporters were also 
reported to be involved in plant-microbe interactions. For example, a 
SWEET gene in Arabidopsis was reported to be induced by pathogenic 
bacterial effectors to acquire glucose from the hosts (Chen et al., 2010). 
Furthermore, in the N2-fixing symbiosis, a SWEET transporter in Medicago 
was proposed to mediate sugar efflux to rhizobium bacteria (Kryvoruchko 
et al., 2016). Interestingly, during the progression of AM colonization, 
several SWEET transporters were induced in Solanum tuberosum (Manck-
Götzenberger and Requena, 2016). In Chapter 5, we identified a single 
SWEET protein in Medicago that is significantly induced in arbuscule-
containing cells and studied its role in AM symbiosis.

The view that hexoses are the main carbon source for AM fungi changed 
recently when it was found that AM fungi lack a type I fatty acid (FA) 
synthase gene (FasI) in their genome. FasI is essential to synthesize 
palmitic acid (C16:0), although type II mitochondrial FAS genes which 
function to produce octanoic acid are present in the AM genome (Wewer 
et al., 2014; Keymer et al., 2017; Luginbuehl et al., 2017; Jiang et al., 
2017). This indicated that AM fungi are in fact FA auxotrophs that need 
to obtain FA precursors from their hosts. In line with this it was observed 
that many lipid biosynthesis genes are induced in arbuscule-containing 
cells (Gaude, Bortfeld, et al., 2012; Gaude, Schulze, et al., 2012). In 
Medicago, overexpression of lipid biosynthesis genes such as pyruvate 
kinase (MtPK), ketoacyl-ACP synthase II (MtKAS II), ketoacyl–acyl carrier 
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Figure 1. Common symbiotic signaling pathway. This signaling pathway is 
essential for a successful AM symbiosis as well as for the rhizobium-legume 
symbiosis. To initiate the signaling, Myc-factors (1) and Nod-factors (2) are 
perceived by plant LysM receptors (5, 6, 7, 8). These are thought to form a 
complex with MtDMI2/LjSYMRK (3, 4), which interacts with a 3-hydroxy-3-
methylglutaryl coenzyme A reductase 1 (MtHMGR, 9). This interaction generate 
mevalonate as a potential secondary messenger to the nucleus (9). Activation of 
the CSSP eventually leads to nuclear calcium spiking. This is mediated by nuclear 
envelope located potassium (10, 11), calcium channels (12) and a calcium-
transporting ATPase (20). In addition, components of the nucleoporin complex 
are required for calcium spiking (21, 22, 23). Calcium spiking is decoded by the 
calmodulin/calcium-dependent protein kinase MtDMI3/LjCCaMK (13, 14), leading 
to phosphorylation and activation of transcription factors MtIPD3/MtIPD3Like/
LjCYCLOPS (15, 16). MtIPD3s or LjCYCLOPS interacts with Medicago or Lotus 
DELLA proteins to initiate downstream signaling of rhizobium symbiosis (17) or 
AM symbiosis (18, 19). 
References 1. (Maillet et al., 2011; Genre et al., 2013); 2. (Lerouge et al., 1990; 
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(Saito et al., 2007); 22. (Groth et al., 2010); 23. (Kanamori et al., 2006).
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and/or lipids from the plant (Keymer et al., 2017; Luginbuehl et al., 
2017; Jiang et al., 2017; Bravo et al., 2017; Helber et al., 2011). In fact, 
AM fungi have become obligate biotrophs that fully depend on their host 
plants to complete their lifecycle.

The AM symbiosis is predicted to have originated about 450 million years 
ago, by the same time that plants started to colonize the land (Remy et al., 
1994). This, together with the extremely broad host-range of AM fungi, 
indicates that both plant and fungal partners have co-evolved to maintain 
the symbiosis. The mechanisms behind the extremely high compatibility 
of AM fungi are still largely unknown. On one hand, symbiotic signalling 
triggered by mycorrhizal (myc) factors is required to efficiently colonize 
host plants (Fig.1). In addition, a successful AM symbiosis requires a 
strict coordination of nutrient exchange by both partners. Although 
insight into the fungal components that control the symbiosis has lagged 
behind compared to those of the plant, major progress has been made in 
recent years through the availability of the first AM fungal genome and 
transcriptome (Tisserant et al., 2012; Tisserant et al., 2013; Lin et al., 
2014a). It is becoming clear that, on top of myc-factor signalling, AM 
fungi use effector proteins to achieve a successful symbiosis (Lin et al., 
2014a; Tisserant et al., 2013; Tisserant et al., 2012; Kloppholz et al., 
2011). Here, I will give an overview of the AM symbiosis with a focus 
on symbiotic signalling, effector biology and nutrient exchange in AM 
symbiosis.  
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protein (ACP) reductase (MtKAR), enoyl-ACP reductase I (MtENR I), and 
acyl-ACP thioesterase B (MtFatM) led to higher mycorrhization levels, 
whilst silencing of those genes decreased mycorrhization and affected 
arbuscule development (Jiang et al., 2017). Similarly in Lotus, mutation 
of genes involved in lipid biosynthesis impaired arbuscule development. 
These genes include DIS, which encodes a β-keto-acyl ACP synthase I 
(KASI) required to synthesize FA chain from C4 to C16, FatM/FatB which 
encodes an acyl-ACP thioesterase required to terminate FA synthesis and 
RAM2 which encodes a glycerol-3-phosphate acyltransferase 6 (GPAT6) 
required to synthesize β-mono-acyl glycerol (sn2-MAG) (Keymer et al., 
2017; Keymer and Gutjahr, 2018). After expression of a FatB gene of 
Umbellularia californica in Medicago, which terminates FA elongation after 
12  carbons,  tracer studies clearly detected 12:0 FA inside the fungus 
(Jiang et al., 2017; Luginbuehl et al., 2017). This provided direct evidence 
that the host transfers lipids to AM fungi (Jiang et al., 2017; Luginbuehl et 
al., 2017).  Isotope profiling in Lotus led to a similar conclusion (Keymer 
et al., 2017). Lipids are likely exported to the peri-arbuscular space by 
two plant half-size ABCG transporters such as MtSTR and MtSTR2 (Zhang 
et al., 2010; Jiang et al., 2017; Keymer et al., 2017). However, it remains 
elusive how AM fungi take up lipids from the peri-arbuscular space. 

AM effectors 

Plants growing in nature are surrounded by an array of beneficial to 
detrimental microbes. A key feature which allows plants to survive in such 
an environment is the ability to distinguish their friends from foes. Plants 
can sense microbes by recognizing microbe-associated molecular patters 
(MAMPs) through cell-surface pattern recognition receptors (PPRs) that 
trigger defence reactions. One of the best characterized fungal MAMPs is 
chitin, which is a key part of the cell wall of fungi. Chitin consists of long-
chain β-1,4-linked polymers of N-acetylglucosamine (GlcNAc). Chito-
oligosaccharides (COs), particularly long-chain GlcNAc-oligomers such as 
hexamers (CO6) to octamers (CO8), are efficiently perceived by plant 
immune LysM receptors such as AtCERK1 and AtLYK4/5 to induce defence 
responses in plant (Cao et al., 2014). Structural studies showed that the 
immune LysM receptor AtCERK1 requires at least six GlcNAc residues 
for receptor dimerization to trigger downstream immune signalling in 
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Arabidopsis (Liu et al., 2012). 

Perception of MAMPs by PPRs triggers plant immune signalling, leading 
to rapid plant defence responses such as generation of reactive oxygen 
species (ROS), phosphorylation of mitogen-activated protein kinases, 
induction of defence related genes, and secretion of fungal cell wall 
targeted hydrolases. Therefore, mechanisms to evade or suppress 
host immunity are essential for all microbes to colonize plants. In plant 
pathogenic microbes secreted effector proteins are key players to evade 
or suppress plant immunity. Such effectors can function in the apoplast 
or they can be translocated into the host cells to exert their function (Lo 
Presti et al., 2015).

During colonization, the plant apoplast represents the first line of the 
battle field. Hydrolases such as chitinases are secreted to the apoplast to 
degrade fungal cell walls and to release COs which can be perceived by 
plant chitin receptors to trigger more defence responses. To counteract 
host chitinases, plant pathogens like Cladosporium fulvum have evolved 
effectors carrying chitin-binding LysM domains such as ECP6 (de Jonge 
et al., 2010). ECP6 is able to outcompete plant chitin receptors to bind 
fungal cell wall derived COs thereby impairing the activation of immune 
responses (de Jonge et al., 2010). LysM effectors were further identified 
in a wide range of pathogenic fungi (Marshall et al., 2011; Mentlak et 
al., 2012; Lee et al., 2014; Takahara et al., 2016; Kombrink et al., 
2017), indicating that LysM effectors represent a common strategy to 
impair chitin-triggered immune responses. Other common fungal cell 
wall components that are perceived as PAMPs are β-glucans (Fesel and 
Zuccaro, 2016). The symbiotic fungus Piriformaspora indica was recently 
shown to secrete a β-glucan binding effector, called PiFGB1, which alters 
cell wall composition and suppresses glucan triggered immunity (Wawra 
et al., 2016). One of the key responses upon PAMP perception by plants 
is the production of reactive oxygen-species (ROS) by membrane-bound 
or apoplastic peroxidases to kill the invaders. Pathogenic fungi are known 
to overcome ROS stress by producing apoplastic effectors. For example, 
Ustilago maydis effector Pep1 can inhibit the activity of POX12, which 
is a peroxidase essential to generate ROS in the host (Doehlemann et 
al., 2009; Hemetsberger et al., 2012). Consistently, deletion of Pep1 
severely impaired pathogenicity of Ustilago maydis (Doehlemann et al., 
2009). Additional functions of apoplastic effectors include the inhibition 



13

General introduction

1
MtLYK9?

MtNFP(5)

MtDMI2(3)

LjSYMRK(4)

Myc-factors(1)

MtDMI1(10)

LjCASTOR/PULLOX(11)

MtCNGC15s(12)
Mevalonate?(9)

MtNFP(6)

LjNFR5(7)

MtDMI2(3)

LjSYMRK(4)

MtLYK3(8)

LjNFR1(7) Mevalonate?(9)

Nod-factors(2)

Ca+

MtDMI3(13)

LjCCaMK(14)

MtIPD3s(15)

LjCYCLOPS(16)

PMtDELLA(17)

LjDELLA?

Ca+

K+

Myc-signaling (e.g. RAM1 induction)

Nod-signaling (e.g. NIN induction)

Cytoplasm

Plasmamembrane

MtDMI3(13)

LjCCaMK(14)

MtIPD3s(15)

LjCYCLOPS(16)

PMtDELLA(19)

LjDELLA(18)

Ca+Nucleus

MtMCAs(20)

?
?

LjNUP85(21)

LjNENA(22)

LjNUP133(23)

Ca+

Nucleoporin 
complex

Figure 1. Common symbiotic signaling pathway. This signaling pathway is 
essential for a successful AM symbiosis as well as for the rhizobium-legume 
symbiosis. To initiate the signaling, Myc-factors (1) and Nod-factors (2) are 
perceived by plant LysM receptors (5, 6, 7, 8). These are thought to form a 
complex with MtDMI2/LjSYMRK (3, 4), which interacts with a 3-hydroxy-3-
methylglutaryl coenzyme A reductase 1 (MtHMGR, 9). This interaction generate 
mevalonate as a potential secondary messenger to the nucleus (9). Activation of 
the CSSP eventually leads to nuclear calcium spiking. This is mediated by nuclear 
envelope located potassium (10, 11), calcium channels (12) and a calcium-
transporting ATPase (20). In addition, components of the nucleoporin complex 
are required for calcium spiking (21, 22, 23). Calcium spiking is decoded by the 
calmodulin/calcium-dependent protein kinase MtDMI3/LjCCaMK (13, 14), leading 
to phosphorylation and activation of transcription factors MtIPD3/MtIPD3Like/
LjCYCLOPS (15, 16). MtIPD3s or LjCYCLOPS interacts with Medicago or Lotus 
DELLA proteins to initiate downstream signaling of rhizobium symbiosis (17) or 
AM symbiosis (18, 19). 
References 1. (Maillet et al., 2011; Genre et al., 2013); 2. (Lerouge et al., 1990; 
Roche et al., 1991b,a; Schultze et al., 1992); 3. (Endre et al., 2002); 4. (Stracke 
et al., 2002); 5. (Maillet et al., 2011); 6. (Arrighi et al., 2006); 7. (Radutoiu et al., 
2003); 8. (Limpens et al., 2003); 9. (Venkateshwaran et al., 2015); 10. (Ané et 
al., 2004); 11. (Kistner et al., 2005; Riely et al., 2007); 12. (Charpentier et al., 
2016); 13. (Lévy et al., 2004); 14. (Tirichine et al., 2006) ;15. (Messinese et al., 
2007; Ovchinnikova et al., 2011; Horváth et al., 2011; Jin et al., 2018; Lindsay et 
al., 2019); 16. (Yano et al., 2008); 17. (Singh et al., 2014; Jin et al., 2016); 18. 
(Pimprikar et al., 2016); 19. (Floss et al., 2013); 20. (Capoen et al., 2011); 21. 
(Saito et al., 2007); 22. (Groth et al., 2010); 23. (Kanamori et al., 2006).
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protein (ACP) reductase (MtKAR), enoyl-ACP reductase I (MtENR I), and 
acyl-ACP thioesterase B (MtFatM) led to higher mycorrhization levels, 
whilst silencing of those genes decreased mycorrhization and affected 
arbuscule development (Jiang et al., 2017). Similarly in Lotus, mutation 
of genes involved in lipid biosynthesis impaired arbuscule development. 
These genes include DIS, which encodes a β-keto-acyl ACP synthase I 
(KASI) required to synthesize FA chain from C4 to C16, FatM/FatB which 
encodes an acyl-ACP thioesterase required to terminate FA synthesis and 
RAM2 which encodes a glycerol-3-phosphate acyltransferase 6 (GPAT6) 
required to synthesize β-mono-acyl glycerol (sn2-MAG) (Keymer et al., 
2017; Keymer and Gutjahr, 2018). After expression of a FatB gene of 
Umbellularia californica in Medicago, which terminates FA elongation after 
12  carbons,  tracer studies clearly detected 12:0 FA inside the fungus 
(Jiang et al., 2017; Luginbuehl et al., 2017). This provided direct evidence 
that the host transfers lipids to AM fungi (Jiang et al., 2017; Luginbuehl et 
al., 2017).  Isotope profiling in Lotus led to a similar conclusion (Keymer 
et al., 2017). Lipids are likely exported to the peri-arbuscular space by 
two plant half-size ABCG transporters such as MtSTR and MtSTR2 (Zhang 
et al., 2010; Jiang et al., 2017; Keymer et al., 2017). However, it remains 
elusive how AM fungi take up lipids from the peri-arbuscular space. 

AM effectors 

Plants growing in nature are surrounded by an array of beneficial to 
detrimental microbes. A key feature which allows plants to survive in such 
an environment is the ability to distinguish their friends from foes. Plants 
can sense microbes by recognizing microbe-associated molecular patters 
(MAMPs) through cell-surface pattern recognition receptors (PPRs) that 
trigger defence reactions. One of the best characterized fungal MAMPs is 
chitin, which is a key part of the cell wall of fungi. Chitin consists of long-
chain β-1,4-linked polymers of N-acetylglucosamine (GlcNAc). Chito-
oligosaccharides (COs), particularly long-chain GlcNAc-oligomers such as 
hexamers (CO6) to octamers (CO8), are efficiently perceived by plant 
immune LysM receptors such as AtCERK1 and AtLYK4/5 to induce defence 
responses in plant (Cao et al., 2014). Structural studies showed that the 
immune LysM receptor AtCERK1 requires at least six GlcNAc residues 
for receptor dimerization to trigger downstream immune signalling in 
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Arabidopsis (Liu et al., 2012). 

Perception of MAMPs by PPRs triggers plant immune signalling, leading 
to rapid plant defence responses such as generation of reactive oxygen 
species (ROS), phosphorylation of mitogen-activated protein kinases, 
induction of defence related genes, and secretion of fungal cell wall 
targeted hydrolases. Therefore, mechanisms to evade or suppress 
host immunity are essential for all microbes to colonize plants. In plant 
pathogenic microbes secreted effector proteins are key players to evade 
or suppress plant immunity. Such effectors can function in the apoplast 
or they can be translocated into the host cells to exert their function (Lo 
Presti et al., 2015).

During colonization, the plant apoplast represents the first line of the 
battle field. Hydrolases such as chitinases are secreted to the apoplast to 
degrade fungal cell walls and to release COs which can be perceived by 
plant chitin receptors to trigger more defence responses. To counteract 
host chitinases, plant pathogens like Cladosporium fulvum have evolved 
effectors carrying chitin-binding LysM domains such as ECP6 (de Jonge 
et al., 2010). ECP6 is able to outcompete plant chitin receptors to bind 
fungal cell wall derived COs thereby impairing the activation of immune 
responses (de Jonge et al., 2010). LysM effectors were further identified 
in a wide range of pathogenic fungi (Marshall et al., 2011; Mentlak et 
al., 2012; Lee et al., 2014; Takahara et al., 2016; Kombrink et al., 
2017), indicating that LysM effectors represent a common strategy to 
impair chitin-triggered immune responses. Other common fungal cell 
wall components that are perceived as PAMPs are β-glucans (Fesel and 
Zuccaro, 2016). The symbiotic fungus Piriformaspora indica was recently 
shown to secrete a β-glucan binding effector, called PiFGB1, which alters 
cell wall composition and suppresses glucan triggered immunity (Wawra 
et al., 2016). One of the key responses upon PAMP perception by plants 
is the production of reactive oxygen-species (ROS) by membrane-bound 
or apoplastic peroxidases to kill the invaders. Pathogenic fungi are known 
to overcome ROS stress by producing apoplastic effectors. For example, 
Ustilago maydis effector Pep1 can inhibit the activity of POX12, which 
is a peroxidase essential to generate ROS in the host (Doehlemann et 
al., 2009; Hemetsberger et al., 2012). Consistently, deletion of Pep1 
severely impaired pathogenicity of Ustilago maydis (Doehlemann et al., 
2009). Additional functions of apoplastic effectors include the inhibition 
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Arbuscular mycorrhiza (AM) fungi, affiliated to the fungal Glomeromycotina 
subphylum, can form a symbiotic interaction with the majority (>80%) 
of land plants (S., Smith and Read, 2008; Spatafora et al., 2016). They 
can benefit their hosts in multiple ways. The primary advantage of AM 
fungi is that they facilitate host uptake of limiting mineral nutrients such 
as phosphate, nitrogen, or microelements from the soil by developing 
extensive extraradical hyphal mycelium, which expand the absorption 
surface of the host root system (S., Smith and Read, 2008). Furthermore, 
AM fungi provide protection against plant pathogens, for example by 
improving host fitness, competing for colonization sites with pathogens 
or the activation of systemic acquired resistance. Additionally, they affect 
the microbiome surrounding the roots and improve soil structure. In 
return for such benefits, AM fungi receive considerable amounts (up to 
20%) of photosynthetic carbohydrates (Jakobsen and Rosendahl, 1990) 
and/or lipids from the plant (Keymer et al., 2017; Luginbuehl et al., 
2017; Jiang et al., 2017; Bravo et al., 2017; Helber et al., 2011). In fact, 
AM fungi have become obligate biotrophs that fully depend on their host 
plants to complete their lifecycle.

The AM symbiosis is predicted to have originated about 450 million years 
ago, by the same time that plants started to colonize the land (Remy et al., 
1994). This, together with the extremely broad host-range of AM fungi, 
indicates that both plant and fungal partners have co-evolved to maintain 
the symbiosis. The mechanisms behind the extremely high compatibility 
of AM fungi are still largely unknown. On one hand, symbiotic signalling 
triggered by mycorrhizal (myc) factors is required to efficiently colonize 
host plants (Fig.1). In addition, a successful AM symbiosis requires a 
strict coordination of nutrient exchange by both partners. Although 
insight into the fungal components that control the symbiosis has lagged 
behind compared to those of the plant, major progress has been made in 
recent years through the availability of the first AM fungal genome and 
transcriptome (Tisserant et al., 2012; Tisserant et al., 2013; Lin et al., 
2014a). It is becoming clear that, on top of myc-factor signalling, AM 
fungi use effector proteins to achieve a successful symbiosis (Lin et al., 
2014a; Tisserant et al., 2013; Tisserant et al., 2012; Kloppholz et al., 
2011). Here, I will give an overview of the AM symbiosis with a focus 
on symbiotic signalling, effector biology and nutrient exchange in AM 
symbiosis.  
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of plant proteases that function in plant immunity or the inactivation of 
plant derived antimicrobial compounds.

In addition to apoplastic effectors, microbes also secrete effectors that 
translocate into the host cell to facilitate infection. These effectors usually 
have highly variable targets, that function in the immune process through 
hormonal signalling, MAPK cascades, vesicle trafficking, regulation of 
transcription and alternative splicing and chromatin remodelling (Liu et 
al., 2014; Gimenez-Ibanez et al., 2014; Plett et al., 2014; Kloppholz 
et al., 2011; Huang et al., 2017; Song et al., 2015; Kong et al., 2017; 
Wang and Wang, 2018; Bi and Zhou, 2017). However, how such effectors 
are able to enter the host cells is still largely elusive (Petre and Kamoun, 
2014). 

Recent studies have shown that also beneficial fungi use effector proteins 
to deal with the host immune system. In the ectomycorrhizal fungus 
Laccaria bicolor, an effector called MiSSP7 was shown to be able to 
interact with the JAZ6 protein in Populus trichocarpa (Plett et al., 2011; 
Plett et al., 2014). This interaction is essential to stabilize JAZ6, leading 
to the repression of jasmonic acid induced immunity (Plett et al., 2014). 
Recent genomic and transcriptomic studies revealed several hundreds of 
effector-coding genes in the genome of AM fungi Rhizophagus irregularis 
(Sędzielewska Toro and Brachmann, 2016; Tisserant et al., 2013; 
Tisserant et al., 2012; Lin et al., 2014a). The first identified AM effector, 
called SP7, was shown to interact with the host transcription factor 
ERF19 to suppress host immunity in Medicago (Kloppholz et al., 2011). 
Furthermore, expression of SP7 in the rice blast fungus Magnaporthe 
oryzae prolonged its biotrophic phase in the plant, suggesting that SP7 
may play a role in maintaining the biotrophic interaction in AM symbiosis 
(Kloppholz et al., 2011). By transcriptomic analyses, a strigolactone-
induced effector called RiSIS1 was discovered in R. irregularis (Tsuzuki 
et al., 2016). Host induced gene silencing of RiSIS1 resulted in reduced 
colonization, indicating an positive role for RiSIS1 in AM symbiosis, 
although the underlying molecular mechanism is currently not known 
(Tsuzuki et al., 2016). Interestingly, an effector carrying a single LysM 
domain was also revealed among the strigolactone-induced AM genes 
(Tsuzuki et al., 2016; Sędzielewska Toro & Brachmann, 2016; Chapter 
2). Considering the role of LysM effectors in plant-pathogen interactions 
and the fact that AM fungi need to suppress chitin-triggered immunity 
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during colonization, the AM LysM effector was functionally characterized 
in Chapter 4.  

Conclusion and perspectives

It has become clear that communication between AM fungi and their 
plant hosts involves a plethora of signals to ensure that AM fungi are 
treated as friends and to prevent the interaction from becoming parasitic. 
Such signals include LCOs, short chain COs, secreted effector proteins, 
secondary metabolites as well as nutrients. The exact identity of many of 
these signals and their mode of action are expected to be identified in the 
future. This is especially facilitated by the availability of the first AM fungal 
genome sequences. To increase the resolution of current transcriptomics 
approaches more cell-specific transcriptome approaches may greatly 
facilitate the identification of key components at various stages of the 
interaction. Identifying the molecular players and their mode of action 
will be important to address one of the most important questions in AM 
biology, namely: what determines the symbiotic efficiency of different 
plant-fungus interactions? The molecular basis for such differences are 
still largely unknown. Unraveling this key aspect of AM symbiosis will 
also be pivotal to fully exploit the potential of AM fungi for sustainable 
agriculture. 
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Figure 1. Common symbiotic signaling pathway. This signaling pathway is 
essential for a successful AM symbiosis as well as for the rhizobium-legume 
symbiosis. To initiate the signaling, Myc-factors (1) and Nod-factors (2) are 
perceived by plant LysM receptors (5, 6, 7, 8). These are thought to form a 
complex with MtDMI2/LjSYMRK (3, 4), which interacts with a 3-hydroxy-3-
methylglutaryl coenzyme A reductase 1 (MtHMGR, 9). This interaction generate 
mevalonate as a potential secondary messenger to the nucleus (9). Activation of 
the CSSP eventually leads to nuclear calcium spiking. This is mediated by nuclear 
envelope located potassium (10, 11), calcium channels (12) and a calcium-
transporting ATPase (20). In addition, components of the nucleoporin complex 
are required for calcium spiking (21, 22, 23). Calcium spiking is decoded by the 
calmodulin/calcium-dependent protein kinase MtDMI3/LjCCaMK (13, 14), leading 
to phosphorylation and activation of transcription factors MtIPD3/MtIPD3Like/
LjCYCLOPS (15, 16). MtIPD3s or LjCYCLOPS interacts with Medicago or Lotus 
DELLA proteins to initiate downstream signaling of rhizobium symbiosis (17) or 
AM symbiosis (18, 19). 
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of plant proteases that function in plant immunity or the inactivation of 
plant derived antimicrobial compounds.

In addition to apoplastic effectors, microbes also secrete effectors that 
translocate into the host cell to facilitate infection. These effectors usually 
have highly variable targets, that function in the immune process through 
hormonal signalling, MAPK cascades, vesicle trafficking, regulation of 
transcription and alternative splicing and chromatin remodelling (Liu et 
al., 2014; Gimenez-Ibanez et al., 2014; Plett et al., 2014; Kloppholz 
et al., 2011; Huang et al., 2017; Song et al., 2015; Kong et al., 2017; 
Wang and Wang, 2018; Bi and Zhou, 2017). However, how such effectors 
are able to enter the host cells is still largely elusive (Petre and Kamoun, 
2014). 

Recent studies have shown that also beneficial fungi use effector proteins 
to deal with the host immune system. In the ectomycorrhizal fungus 
Laccaria bicolor, an effector called MiSSP7 was shown to be able to 
interact with the JAZ6 protein in Populus trichocarpa (Plett et al., 2011; 
Plett et al., 2014). This interaction is essential to stabilize JAZ6, leading 
to the repression of jasmonic acid induced immunity (Plett et al., 2014). 
Recent genomic and transcriptomic studies revealed several hundreds of 
effector-coding genes in the genome of AM fungi Rhizophagus irregularis 
(Sędzielewska Toro and Brachmann, 2016; Tisserant et al., 2013; 
Tisserant et al., 2012; Lin et al., 2014a). The first identified AM effector, 
called SP7, was shown to interact with the host transcription factor 
ERF19 to suppress host immunity in Medicago (Kloppholz et al., 2011). 
Furthermore, expression of SP7 in the rice blast fungus Magnaporthe 
oryzae prolonged its biotrophic phase in the plant, suggesting that SP7 
may play a role in maintaining the biotrophic interaction in AM symbiosis 
(Kloppholz et al., 2011). By transcriptomic analyses, a strigolactone-
induced effector called RiSIS1 was discovered in R. irregularis (Tsuzuki 
et al., 2016). Host induced gene silencing of RiSIS1 resulted in reduced 
colonization, indicating an positive role for RiSIS1 in AM symbiosis, 
although the underlying molecular mechanism is currently not known 
(Tsuzuki et al., 2016). Interestingly, an effector carrying a single LysM 
domain was also revealed among the strigolactone-induced AM genes 
(Tsuzuki et al., 2016; Sędzielewska Toro & Brachmann, 2016; Chapter 
2). Considering the role of LysM effectors in plant-pathogen interactions 
and the fact that AM fungi need to suppress chitin-triggered immunity 
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during colonization, the AM LysM effector was functionally characterized 
in Chapter 4.  

Conclusion and perspectives

It has become clear that communication between AM fungi and their 
plant hosts involves a plethora of signals to ensure that AM fungi are 
treated as friends and to prevent the interaction from becoming parasitic. 
Such signals include LCOs, short chain COs, secreted effector proteins, 
secondary metabolites as well as nutrients. The exact identity of many of 
these signals and their mode of action are expected to be identified in the 
future. This is especially facilitated by the availability of the first AM fungal 
genome sequences. To increase the resolution of current transcriptomics 
approaches more cell-specific transcriptome approaches may greatly 
facilitate the identification of key components at various stages of the 
interaction. Identifying the molecular players and their mode of action 
will be important to address one of the most important questions in AM 
biology, namely: what determines the symbiotic efficiency of different 
plant-fungus interactions? The molecular basis for such differences are 
still largely unknown. Unraveling this key aspect of AM symbiosis will 
also be pivotal to fully exploit the potential of AM fungi for sustainable 
agriculture. 
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Abstract

Arbuscular mycorrhizal fungi form the most wide-spread endosymbiosis 
with plants. There is very little host-specificity in this interaction, 
however host preferences as well as varying symbiotic efficiencies have 
been observed. We hypothesize that secreted proteins (SPs) may act 
as fungal effectors to control symbiotic efficiency in a host-dependent 
manner. Therefore, we studied whether AM fungi adjust their secretome 
in a host- and stage-dependent manner to contribute to their extremely 
wide host-range. We investigated the expression of SP-encoding genes 
of Rhizophagus irregularis in three evolutionary distantly-related 
plant species, Medicago truncatula, Nicotiana benthamiana and Allium 
schoenoprasum. In addition we used laser microdissection in combination 
with RNAseq to study SP expression at different stages of the interaction 
in Medicago. Our data indicate that most expressed SPs show roughly 
equal expression levels in the interaction with all three host plants. In 
addition, a subset shows significant differential expression depending on 
the host plant. Furthermore, SP expression is controlled locally in the 
hyphal network in response to host dependent cues. Overall, this study 
presents a comprehensive analysis of the R. irregularis secretome, which 
now offers a solid basis to direct functional studies on the role of fungal 
SPs in AM symbiosis.

Introduction

The vast majority of all land plants establish an endosymbiosis with 
arbuscular mycorrhizal (AM) fungi belonging to the fungal subphylum 
Glomeromycotina (Spatafora et al., 2016). This endosymbiosis, which 
originated ~450 million years ago, provides a number of benefits to plants 
such as improved uptake of scarce nutrients (especially P and N) and water 
from the soil, and protection against various biotic and abiotic stresses 
(Smith and Read, 2008). Individual AM fungi can colonize a large number 
of host plants, which indicates that (in general terms) there is a lack of 
host-specificity, although host preferences have been reported (Helgason 
et al., 1998; Vandenkoornhuyse et al., 2003; Torrecillas et al., 2012; 
van der Heijden et al., 2015). AM fungi establish extensive below ground 
networks interconnecting different plant species and most plant roots are 
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colonized by multiple AM fungi. This extremely broad host-range implies 
that AM fungi must have highly efficient mechanisms to intracellularly 
colonize so many plants. Despite the absence of clear host-specificity, 
it has become clear that there can be substantial functional diversity in 
the benefits provided by AM fungi, which depends on both plant host 
and fungal genotype in combination with environmental conditions (Lee 
et al., 2006; Gosling et al., 2016; van der Heijden et al., 2015; Koch 
et al., 2017; Sawers et al., 2017). Such functional diversity has been 
observed between different AM fungal species as well as within species or 
even within fungal individuals (Sanders, 2010). However, the molecular 
basis for the observed differences in symbiotic efficiency in plant-fungus 
combinations is still largely unknown. Recently, it has become clear that 
AM fungi secrete effector proteins that manipulate functions (Kloppholz 
et al., 2011; Tsuzuki et al., 2016) in the host and we hypothesize that 
they may be key factors to control symbiotic efficiency and/or host range. 
Therefore, more insight is required in the expression profile of potential 
effector encoding genes during the interaction with different host plants.

To establish a functional AM symbiosis continuous signal exchange 
between both partners is needed. This dialogue starts when fungal 
spores/hypha perceive plant signals such as flavonoids, hydroxy fatty 
acids and strigolactones which stimulate germination, hyphal growth and 
branching or hyphopodium formation (Nadal and Paszkowski, 2013). In 
turn the fungus produces signal molecules to facilitate its entry into the 
root. The best studied fungal signals are lipo-chitooligosaccharides and 
short chitooligosaccharides (Maillet et al., 2011; Genre et al., 2013). 
These essential signals are perceived by LysM-domain receptor kinase 
complexes which activate a highly conserved signaling cascade, also 
called the common symbiotic signaling pathway (Gutjahr and Parniske, 
2013; Oldroyd, 2013; Zipfel and Oldroyd, 2017). 

In addition to the chitin-derived signal molecules, AM fungi also secrete 
an array of (small) proteins that may act as effector proteins. Effector 
proteins are extensively studied in the field of phytopathology, where 
pathogenic fungi or oomycetes as well as bacteria use effector proteins 
to manipulate host cells to facilitate successful infection; changing 
plant structure, suppressing innate immune responses or altering 
host metabolism. Such effectors can act in the apoplast or they are 
translocated to the host cells to exert their function in particular subcellular 
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compartments (Giraldo and Valent, 2013; Chaudhary et al., 2014; Lo 
Presti et al., 2015; Doehlemann et al., 2014). Recently, it has become 
clear that also symbiotic fungi employ effectors in a similar manner 
(Plett and Martin, 2015). The first AM effector, called SP7, was identified 
from Rhizophagus irregularis (Kloppholz et al., 2011). SP7 was reported 
to translocate to the nucleus of plant cells, where it interacts with the 
pathogenesis-related ERF19 transcription factor in Medicago truncatula, 
to suppress defense responses. Genomic approaches have since revealed 
the secretomes of several AM fungi. The genome sequence of the R. 
irregularis strain DAOM197198 identified several hundreds of potentially 
secreted proteins many of which may act as effectors (Tisserant et al., 
2013; Lin et al., 2014a; Sędzielewska Toro and Brachmann, 2016). 
Several of the genes encoding these predicted secreted proteins are 
highly induced in planta (Tisserant et al., 2013) and by the application of 
the synthetic strigolactone analog GR24 (Tsuzuki et al., 2016). Additional 
predicted secretomes of Rhizophagus clarus (Sędzielewska Toro and 
Brachmann, 2016), Gigaspora margarita and Gigaspora rosea (Tang et 
al., 2016; Kamel et al., 2017b) suggest that a subset of putative AM 
effectors is conserved among AM species, in addition to many lineage 
specific secreted proteins (Kamel et al., 2017a,b).

Studies on effector expression in pathogenic systems has shown that 
many effectors are expressed in a host-, stage- and tissue-specific manner 
(Doehlemann et al., 2014; Guyon et al., 2014). Host-dependent cues 
have been shown to induce distinct sets of effector genes in the endophyte 
Piriformospora indica, correlating with host-dependent colonization 
strategies (Lahrmann et al., 2013). This raises the question whether 
AM effectors may also be used in a host- and stage-dependent manner 
to contribute to the extremely wide host-range or to control symbiotic 
efficiency. Therefore, we investigated the transcriptome of R. irregularis 
DAOM197198 in three evolutionary distantly related plant species, 
Medicago truncatula (Medicago), Nicotiana benthamiana (Nicotiana) and 
Allium schoenoprasum (Chives), and focussed especially on its predicted 
secretome, representing putative AM effectors. In addition we used laser 
microdissection in combination with RNAseq to study the secretome at 
different stages of the symbiotic interaction in Medicago. Our results 
reveal that distinct sets of putative effector genes are expressed in 
extraradical mycelium, intraradical hyphae and in arbuscules. The vast 

33

Host- and stage-dependent secretome

2

majority of the expressed effector genes are expressed equally in all three 
plant species, but in addition a set of host-dependent effector candidates 
were identified. These putative effector genes are induced in response to 
local cues determined by the plant. These results support the hypothesis 
that AM effectors may control symbiotic efficiency in a host-dependent 
manner and offers a comprehensive set of candidate AM effectors for 
future functional studies.

Materials and Methods

Growth systems (plant and fungal material)

Medicago (Medicago truncatula) Jemalong A17 seeds were surface-
sterilized according to Limpens et al. (2004) and vernalized at 4℃ for 2 
days. Seeds were germinated at 20℃ for 1 day before transfer into pots. 
Chives (Allium schoenoprasum) and Nicotiana (Nicotiana benthamiana) 
seeds were sterilized by 20% bleach for 15min, followed by 8 washes 
with sterile demineralized water. Rhizophagus irregularis DAOM197198 
was maintained as  monoxenic carrot (Daucus carota) root culture (Lin 
et al., 2014a).  To prepare inoculum for pot experiments, R. irregularis 
DAOM197198 was propagated on Chives for ~2 months in 1:1 sand/
clay mixture. Medicago, Chives and Nicotiana were inoculated by mixing 
1/5(v/v) inoculum with 1:1 sand/clay (2-5 mm; Jongkind B.V., Aalsmeer, 
The Netherlands) into new 14cm Ø pots. Medicago plants were watered 
by ½ Hoagland nutrition solution with full nitrogen (5mM Ca(NO3)2, 5mM 
KNO3, 1mM MgSO4, 50μM NaFeEDTA, 20μM KH2PO4, 10μM H3BO3, 0.2μM 
Na2MoO4,1μM ZnSO4, 2μM MnCl2, 0.5μM CuSO4, 0.2μM CoCl2, 12.5μM 
HCl and 500μM MES) twice per week. Chives and Nicotiana were watered 
by ½ Hoagland solution with full nitrogen and demineralized water once 
each per week. 3 biological replicates were used for each plant species. 
All plants were grown under a 16h daylight regime at 21℃ and  harvested 
7 weeks post inoculation. 

To test whether expression of SPs is controlled locally in a shared hyphal 
network, a double-compartment pot system was set up. Pots (17,5 cm Ø) 
were separated into a central compartment and an outer compartment by 
a 45 µm  bore diameter mesh. Only in the central (nurse) compartment, 
1/5(v/v) propagated inoculum was added. In order to establish a hyphal 
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network, a double-compartment pot system was set up. Pots (17,5 cm Ø) 
were separated into a central compartment and an outer compartment by 
a 45 µm  bore diameter mesh. Only in the central (nurse) compartment, 
1/5(v/v) propagated inoculum was added. In order to establish a hyphal 
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Abstract

Arbuscular mycorrhizal fungi form the most wide-spread endosymbiosis 
with plants. There is very little host-specificity in this interaction, 
however host preferences as well as varying symbiotic efficiencies have 
been observed. We hypothesize that secreted proteins (SPs) may act 
as fungal effectors to control symbiotic efficiency in a host-dependent 
manner. Therefore, we studied whether AM fungi adjust their secretome 
in a host- and stage-dependent manner to contribute to their extremely 
wide host-range. We investigated the expression of SP-encoding genes 
of Rhizophagus irregularis in three evolutionary distantly-related 
plant species, Medicago truncatula, Nicotiana benthamiana and Allium 
schoenoprasum. In addition we used laser microdissection in combination 
with RNAseq to study SP expression at different stages of the interaction 
in Medicago. Our data indicate that most expressed SPs show roughly 
equal expression levels in the interaction with all three host plants. In 
addition, a subset shows significant differential expression depending on 
the host plant. Furthermore, SP expression is controlled locally in the 
hyphal network in response to host dependent cues. Overall, this study 
presents a comprehensive analysis of the R. irregularis secretome, which 
now offers a solid basis to direct functional studies on the role of fungal 
SPs in AM symbiosis.

Introduction

The vast majority of all land plants establish an endosymbiosis with 
arbuscular mycorrhizal (AM) fungi belonging to the fungal subphylum 
Glomeromycotina (Spatafora et al., 2016). This endosymbiosis, which 
originated ~450 million years ago, provides a number of benefits to plants 
such as improved uptake of scarce nutrients (especially P and N) and water 
from the soil, and protection against various biotic and abiotic stresses 
(Smith and Read, 2008). Individual AM fungi can colonize a large number 
of host plants, which indicates that (in general terms) there is a lack of 
host-specificity, although host preferences have been reported (Helgason 
et al., 1998; Vandenkoornhuyse et al., 2003; Torrecillas et al., 2012; 
van der Heijden et al., 2015). AM fungi establish extensive below ground 
networks interconnecting different plant species and most plant roots are 
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network that connects plants in both compartments, 10 chives plants 
or 3 Medicago plants were transferred into the central compartment 
and grown for 6 weeks at 21 0C as described above. After 6 weeks, 
4 Medicago seedlings were transferred into the outer compartment. 3 
biological replicates were used. All plants were harvested after another 
4 weeks. 

To test whether SP7 is more actively expressed in hyphae that are closely 
associated to root which we refer to as “rhizosphere ERM” compared 
to ERM that is further away from the root (“soil ERM”), Medicago roots 
were carefully harvested from pots 6 wpi. Roots and soil were rinsed by 
demi water separately to collect ERM. Water containing ERM was then 
subsequently passed through 3 layers of mesh, 500µM, 120 µM and 
45µM. ERM were collected from the 120 µM and 45µM mesh using forceps 
under a stereomicroscope. Four Medicago plants from 2 pots were used 
as 1 replicate. 3 biological replicates were used for RNA extraction and 
qPCR analysis.

Laser Microdissection

7 week-old Medicago roots infected by R. irregularis were cleaned and 
fixed by Farmer’s fixative (75% ethanol and 25% acetic acid) for 16 hours 
at 4℃. Fixed roots were dehydrated in an ethanol series 75% (30min), 
85% (30min) and 100% (3×30min). Steedman wax was made by mixing 
90% polyethylene glucol 400 distearate and 10% 1-hexadecanol at 65°C 
for 2 hours. Dehydrated roots were first infiltrated by ethanol/steedman 
wax (1:1) mixture overnight, followed by 3 times incubation in 100% 
steedman wax for 2 hours at 40℃. Finally the roots were transferred to an 
aluminium plate to solidify. 14-µm-thick sections were cut by a microtome 
(Leica RJ2035/RM2255) and stretched on sterile water containing 40mM 
DTT on a UV-treated 4 µm PEN-membrane slide (Leica). Steedman wax 
was removed by 3 times washing in 100% ethanol for 3 min. The slides 
were air dried just before laser microdissection. Arbuscule cells and 
intraradical mycelium cells were collected using a Leica LMD7000 laser 
microdissection microscope. All microdissected cells were collected into 
the cap of a 0.5 ml eppendorf tube containing 70μL RLT buffer (Qiagen 
RNeasy Micro kit) containing 40mM DTT. In total ~2000 cells were 
collected for each arbuscule replicate and ~10000 cells were collected for 
each intraradical mycelium replicate.
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RNA isolation

For all plant species colonized by mycorrhiza, whole root RNA was 
isolated using the Qiagen plant RNA mini kit according to manufacturer’s 
protocol. Isolated RNA samples were quality checked using an Agilent 
2100 Bioanalyzer at BGI (Hongkong).

For samples collected by laser microdissection, the quality of the RNA 
was first checked for cells leftover on each slide after microdissection. 
Therefore RNA was isolated and analysed using the Agilent RNA 6000 
Pico kit on an Agilent 2100 Bioanalyzer. Next microdissected samples 
from slides that showed RIN>4 values with discernible 28S/18S peaks 
in the leftover samples were selected and used for RNA isolation using 
the Qiagen RNeasy Microkit according to manufacturer’s protocol. After 
RNA isolation, 2μL of each RNA sample was reverse transcribed using 
iScript cDNA Synthesis kit (Bio-Rad) and pre-amplified using Bio-Rad 
SsoAdvanced PreAmp Supermix. The performance of the amplified cDNA 
samples was checked by qPCR using mycorrhiza-induced marker genes, 
as described below. RNA samples from the best 3 replicates of each 
cell type were amplified using the SMART-Seq v4 Ultra Low Input RNA 
Kit (Clontech) according to manufacturer’s instructions. The number of 
amplification cycles (11-15 cycles) for each sample was adjusted based 
on the amount of RNA determined by bioanalyzer and qPCR analyses.

Library prep and sequencing 

For the plant species experiment, sequencing libraries were made 
using TruSeq RNA Sample Prep Kit v2 (Illumina) and sequenced on a 
Illumina HiSeq2000 platform (paired-end, 90bp×2) at BGI. For laser 
microdissected samples, sequencing libraries were made using ThruPLEX 
DNA-seq Kit (Rubicon genomics) and sequenced on a Illumina HiSeq 
2500 platform (paired-end, 125bp×2) at the NGS facility of Bioscience, 
Wageningen University & Research. 

RNAseq analyses

Sequence reads were mapped to the R. irregularis genome (Lin et al., 
2014a) with corrections for effector gene models (Table S1) using CLC 
genomics workbench 10.0.1 (Qiagen). Length fraction and similarity 
fraction was set to 0.9 during mapping and only unique mapped reads 
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colonized by multiple AM fungi. This extremely broad host-range implies 
that AM fungi must have highly efficient mechanisms to intracellularly 
colonize so many plants. Despite the absence of clear host-specificity, 
it has become clear that there can be substantial functional diversity in 
the benefits provided by AM fungi, which depends on both plant host 
and fungal genotype in combination with environmental conditions (Lee 
et al., 2006; Gosling et al., 2016; van der Heijden et al., 2015; Koch 
et al., 2017; Sawers et al., 2017). Such functional diversity has been 
observed between different AM fungal species as well as within species or 
even within fungal individuals (Sanders, 2010). However, the molecular 
basis for the observed differences in symbiotic efficiency in plant-fungus 
combinations is still largely unknown. Recently, it has become clear that 
AM fungi secrete effector proteins that manipulate functions (Kloppholz 
et al., 2011; Tsuzuki et al., 2016) in the host and we hypothesize that 
they may be key factors to control symbiotic efficiency and/or host range. 
Therefore, more insight is required in the expression profile of potential 
effector encoding genes during the interaction with different host plants.

To establish a functional AM symbiosis continuous signal exchange 
between both partners is needed. This dialogue starts when fungal 
spores/hypha perceive plant signals such as flavonoids, hydroxy fatty 
acids and strigolactones which stimulate germination, hyphal growth and 
branching or hyphopodium formation (Nadal and Paszkowski, 2013). In 
turn the fungus produces signal molecules to facilitate its entry into the 
root. The best studied fungal signals are lipo-chitooligosaccharides and 
short chitooligosaccharides (Maillet et al., 2011; Genre et al., 2013). 
These essential signals are perceived by LysM-domain receptor kinase 
complexes which activate a highly conserved signaling cascade, also 
called the common symbiotic signaling pathway (Gutjahr and Parniske, 
2013; Oldroyd, 2013; Zipfel and Oldroyd, 2017). 

In addition to the chitin-derived signal molecules, AM fungi also secrete 
an array of (small) proteins that may act as effector proteins. Effector 
proteins are extensively studied in the field of phytopathology, where 
pathogenic fungi or oomycetes as well as bacteria use effector proteins 
to manipulate host cells to facilitate successful infection; changing 
plant structure, suppressing innate immune responses or altering 
host metabolism. Such effectors can act in the apoplast or they are 
translocated to the host cells to exert their function in particular subcellular 
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network that connects plants in both compartments, 10 chives plants 
or 3 Medicago plants were transferred into the central compartment 
and grown for 6 weeks at 21 0C as described above. After 6 weeks, 
4 Medicago seedlings were transferred into the outer compartment. 3 
biological replicates were used. All plants were harvested after another 
4 weeks. 

To test whether SP7 is more actively expressed in hyphae that are closely 
associated to root which we refer to as “rhizosphere ERM” compared 
to ERM that is further away from the root (“soil ERM”), Medicago roots 
were carefully harvested from pots 6 wpi. Roots and soil were rinsed by 
demi water separately to collect ERM. Water containing ERM was then 
subsequently passed through 3 layers of mesh, 500µM, 120 µM and 
45µM. ERM were collected from the 120 µM and 45µM mesh using forceps 
under a stereomicroscope. Four Medicago plants from 2 pots were used 
as 1 replicate. 3 biological replicates were used for RNA extraction and 
qPCR analysis.

Laser Microdissection

7 week-old Medicago roots infected by R. irregularis were cleaned and 
fixed by Farmer’s fixative (75% ethanol and 25% acetic acid) for 16 hours 
at 4℃. Fixed roots were dehydrated in an ethanol series 75% (30min), 
85% (30min) and 100% (3×30min). Steedman wax was made by mixing 
90% polyethylene glucol 400 distearate and 10% 1-hexadecanol at 65°C 
for 2 hours. Dehydrated roots were first infiltrated by ethanol/steedman 
wax (1:1) mixture overnight, followed by 3 times incubation in 100% 
steedman wax for 2 hours at 40℃. Finally the roots were transferred to an 
aluminium plate to solidify. 14-µm-thick sections were cut by a microtome 
(Leica RJ2035/RM2255) and stretched on sterile water containing 40mM 
DTT on a UV-treated 4 µm PEN-membrane slide (Leica). Steedman wax 
was removed by 3 times washing in 100% ethanol for 3 min. The slides 
were air dried just before laser microdissection. Arbuscule cells and 
intraradical mycelium cells were collected using a Leica LMD7000 laser 
microdissection microscope. All microdissected cells were collected into 
the cap of a 0.5 ml eppendorf tube containing 70μL RLT buffer (Qiagen 
RNeasy Micro kit) containing 40mM DTT. In total ~2000 cells were 
collected for each arbuscule replicate and ~10000 cells were collected for 
each intraradical mycelium replicate.
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RNA isolation

For all plant species colonized by mycorrhiza, whole root RNA was 
isolated using the Qiagen plant RNA mini kit according to manufacturer’s 
protocol. Isolated RNA samples were quality checked using an Agilent 
2100 Bioanalyzer at BGI (Hongkong).

For samples collected by laser microdissection, the quality of the RNA 
was first checked for cells leftover on each slide after microdissection. 
Therefore RNA was isolated and analysed using the Agilent RNA 6000 
Pico kit on an Agilent 2100 Bioanalyzer. Next microdissected samples 
from slides that showed RIN>4 values with discernible 28S/18S peaks 
in the leftover samples were selected and used for RNA isolation using 
the Qiagen RNeasy Microkit according to manufacturer’s protocol. After 
RNA isolation, 2μL of each RNA sample was reverse transcribed using 
iScript cDNA Synthesis kit (Bio-Rad) and pre-amplified using Bio-Rad 
SsoAdvanced PreAmp Supermix. The performance of the amplified cDNA 
samples was checked by qPCR using mycorrhiza-induced marker genes, 
as described below. RNA samples from the best 3 replicates of each 
cell type were amplified using the SMART-Seq v4 Ultra Low Input RNA 
Kit (Clontech) according to manufacturer’s instructions. The number of 
amplification cycles (11-15 cycles) for each sample was adjusted based 
on the amount of RNA determined by bioanalyzer and qPCR analyses.

Library prep and sequencing 

For the plant species experiment, sequencing libraries were made 
using TruSeq RNA Sample Prep Kit v2 (Illumina) and sequenced on a 
Illumina HiSeq2000 platform (paired-end, 90bp×2) at BGI. For laser 
microdissected samples, sequencing libraries were made using ThruPLEX 
DNA-seq Kit (Rubicon genomics) and sequenced on a Illumina HiSeq 
2500 platform (paired-end, 125bp×2) at the NGS facility of Bioscience, 
Wageningen University & Research. 

RNAseq analyses

Sequence reads were mapped to the R. irregularis genome (Lin et al., 
2014a) with corrections for effector gene models (Table S1) using CLC 
genomics workbench 10.0.1 (Qiagen). Length fraction and similarity 
fraction was set to 0.9 during mapping and only unique mapped reads 
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Abstract

Arbuscular mycorrhizal fungi form the most wide-spread endosymbiosis 
with plants. There is very little host-specificity in this interaction, 
however host preferences as well as varying symbiotic efficiencies have 
been observed. We hypothesize that secreted proteins (SPs) may act 
as fungal effectors to control symbiotic efficiency in a host-dependent 
manner. Therefore, we studied whether AM fungi adjust their secretome 
in a host- and stage-dependent manner to contribute to their extremely 
wide host-range. We investigated the expression of SP-encoding genes 
of Rhizophagus irregularis in three evolutionary distantly-related 
plant species, Medicago truncatula, Nicotiana benthamiana and Allium 
schoenoprasum. In addition we used laser microdissection in combination 
with RNAseq to study SP expression at different stages of the interaction 
in Medicago. Our data indicate that most expressed SPs show roughly 
equal expression levels in the interaction with all three host plants. In 
addition, a subset shows significant differential expression depending on 
the host plant. Furthermore, SP expression is controlled locally in the 
hyphal network in response to host dependent cues. Overall, this study 
presents a comprehensive analysis of the R. irregularis secretome, which 
now offers a solid basis to direct functional studies on the role of fungal 
SPs in AM symbiosis.

Introduction

The vast majority of all land plants establish an endosymbiosis with 
arbuscular mycorrhizal (AM) fungi belonging to the fungal subphylum 
Glomeromycotina (Spatafora et al., 2016). This endosymbiosis, which 
originated ~450 million years ago, provides a number of benefits to plants 
such as improved uptake of scarce nutrients (especially P and N) and water 
from the soil, and protection against various biotic and abiotic stresses 
(Smith and Read, 2008). Individual AM fungi can colonize a large number 
of host plants, which indicates that (in general terms) there is a lack of 
host-specificity, although host preferences have been reported (Helgason 
et al., 1998; Vandenkoornhuyse et al., 2003; Torrecillas et al., 2012; 
van der Heijden et al., 2015). AM fungi establish extensive below ground 
networks interconnecting different plant species and most plant roots are 
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were considered in the analysis. All other parameters were set as default. 
TPM (transcripts per million, Wagner, Kin, and Lynch 2012) and differential 
expression analyses were  generated by CLC genomic workbench 10.0.1. 
To filter the data, only genes with more than 100 total mapped reads 
in the combined whole root samples or or developmental stages were 
considered.  RNASeq data of all samples were tested for saturation using 
NOISeq package in R 3.4.2 (Tarazona et al., 2015). PCA analysis was done 
using the DESeq2 package in R 3.4.2 (Love et al., 2014). To calculate 
effectors enriched in each plant species and fungal developmental stages, 
a cut-off of fold change>4 with an FDR p<0.05 was used. 

Annotation of secreted proteins

Signal peptides were predicted using SignalP 2.0/4.1 (Petersen et al., 
2011; Nielsen and Krogh, 1998) with default settings, and SPs were 
called according to the criteria in Lin et al. (2014). Blast2Go 4.0.7 was 
used to generate functional annotation of secreted proteins. In detail, 
blast searches were performed using the NCBI database. InterPro Scan 
function in Blast2GO was used to generate domain information. Mapping 
and annotation were all performed with default parameters in Blast2GO 
(Conesa et al., 2005). 

Mycorrhizal quantification

Trypan blue staining was used to visualize mycorrhization in all samples 
(Chabaud et al., 2006). Mycorrhized roots were first cleared by 
potassium hydroxide (KOH) for 20 min at 90 0C followed by 2 washes 
with demineralized water. Trypan blue staining solution was prepared by 
combining 25ml 2% (w/v) trypan blue stock solution and 1l Lactoglycerol 
solution (300ml Lactic acid, 300ml Glycerol and 400ml double-distilled 
water). Cleared roots were submerged in trypan blue staining solution 
and stained at 90℃ for 4min. After staining the roots were kept in glycerol 
until observation. ~50cm roots of each sample were mounted on slides 
and mycorrhization was quantified according to Trouvelot et al. (1986).

qPCR

iQ SYBR Green Supermix (Bio-Rad) and Bio-Rad CFX Real-Time System 
were used in all qPCRs. For samples from different plant species, 1 μg 
total RNA of each sample was used for cDNA synthesis using iScript cDNA 
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Synthesis kit (Bio-Rad). For samples collected by laser microdissection, 
pre-amplified cDNAs were used as template for qPCR. Medicago genes or 
fungal genes were normalized using Medicago Elongation factor 1 alpha 
or R. irregularis Elongation factor 1 alpha as reference gene, respectively. 
Primer sequences are summarized in Table S8. Expression values were 
calculated as 2^-△Ct. 3 biological replicates with 3 technical replicates 
each were used. 

Subcellular localization

LOCALIZER 1.0 (http://localizer.csiro.au/; Sperschneider et al., 2017) 
was used to predict nuclear localization of SPs. To experimentally verify 
LOCALIZER predictions, the coding sequences of SPs- without signal 
peptide - were cloned into an entry vector pENTR/D-TOPO or pDONR221. 
Primers used are summarized in Table S8. Final recombinant binary vectors 
were made by single-site Gateway LR reaction (Invitrogen) with GFP-
containing destination vectors pK7FWG2(N-GFP) or pK7WGF2(C-GFP) or 
multisite Gateway using pENTR41-35Sp::mCherry into a pKGW-RR-MGW 
destination vector. The fluorescently-tagged constructs were transformed 
into Agrobacterium tumefaciens C58. Transient agrobacterium-mediated 
transformation of 5-week old Nicotiana benthamiana leaves was 
performed by co-infiltration of GFP/mCherry-tagged constructs and the 
silencing suppressor p19. Briefly, A. tumefaciens strains were grown in 
liquid LB with appropriate antibiotics for 2 days at 28 °C. The bacteria were 
collected by centrifugation, resuspended in MMi medium (10 g/l sucrose, 
5 g/l MS basal salts (Duchefa), 2 g/l MES, 200 µM acetosyringone, pH 
5.6) to an OD600 of 0.1 and incubated for 1 hour at room temperature. 
Different GFP constructs together with p19 were made by mixing the 
appropriate bacterial suspensions in a 1:1 ratio. The suspensions were 
then injected into the leaves of Nicotiana benthamiana plants which 
were then grown a greenhouse at 21 °C. Three days post infiltration, the 
infiltrated parts were analysed by confocal microscopy using a Leica SP8 
confocal microscope.  
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colonized by multiple AM fungi. This extremely broad host-range implies 
that AM fungi must have highly efficient mechanisms to intracellularly 
colonize so many plants. Despite the absence of clear host-specificity, 
it has become clear that there can be substantial functional diversity in 
the benefits provided by AM fungi, which depends on both plant host 
and fungal genotype in combination with environmental conditions (Lee 
et al., 2006; Gosling et al., 2016; van der Heijden et al., 2015; Koch 
et al., 2017; Sawers et al., 2017). Such functional diversity has been 
observed between different AM fungal species as well as within species or 
even within fungal individuals (Sanders, 2010). However, the molecular 
basis for the observed differences in symbiotic efficiency in plant-fungus 
combinations is still largely unknown. Recently, it has become clear that 
AM fungi secrete effector proteins that manipulate functions (Kloppholz 
et al., 2011; Tsuzuki et al., 2016) in the host and we hypothesize that 
they may be key factors to control symbiotic efficiency and/or host range. 
Therefore, more insight is required in the expression profile of potential 
effector encoding genes during the interaction with different host plants.

To establish a functional AM symbiosis continuous signal exchange 
between both partners is needed. This dialogue starts when fungal 
spores/hypha perceive plant signals such as flavonoids, hydroxy fatty 
acids and strigolactones which stimulate germination, hyphal growth and 
branching or hyphopodium formation (Nadal and Paszkowski, 2013). In 
turn the fungus produces signal molecules to facilitate its entry into the 
root. The best studied fungal signals are lipo-chitooligosaccharides and 
short chitooligosaccharides (Maillet et al., 2011; Genre et al., 2013). 
These essential signals are perceived by LysM-domain receptor kinase 
complexes which activate a highly conserved signaling cascade, also 
called the common symbiotic signaling pathway (Gutjahr and Parniske, 
2013; Oldroyd, 2013; Zipfel and Oldroyd, 2017). 

In addition to the chitin-derived signal molecules, AM fungi also secrete 
an array of (small) proteins that may act as effector proteins. Effector 
proteins are extensively studied in the field of phytopathology, where 
pathogenic fungi or oomycetes as well as bacteria use effector proteins 
to manipulate host cells to facilitate successful infection; changing 
plant structure, suppressing innate immune responses or altering 
host metabolism. Such effectors can act in the apoplast or they are 
translocated to the host cells to exert their function in particular subcellular 
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were considered in the analysis. All other parameters were set as default. 
TPM (transcripts per million, Wagner, Kin, and Lynch 2012) and differential 
expression analyses were  generated by CLC genomic workbench 10.0.1. 
To filter the data, only genes with more than 100 total mapped reads 
in the combined whole root samples or or developmental stages were 
considered.  RNASeq data of all samples were tested for saturation using 
NOISeq package in R 3.4.2 (Tarazona et al., 2015). PCA analysis was done 
using the DESeq2 package in R 3.4.2 (Love et al., 2014). To calculate 
effectors enriched in each plant species and fungal developmental stages, 
a cut-off of fold change>4 with an FDR p<0.05 was used. 

Annotation of secreted proteins

Signal peptides were predicted using SignalP 2.0/4.1 (Petersen et al., 
2011; Nielsen and Krogh, 1998) with default settings, and SPs were 
called according to the criteria in Lin et al. (2014). Blast2Go 4.0.7 was 
used to generate functional annotation of secreted proteins. In detail, 
blast searches were performed using the NCBI database. InterPro Scan 
function in Blast2GO was used to generate domain information. Mapping 
and annotation were all performed with default parameters in Blast2GO 
(Conesa et al., 2005). 

Mycorrhizal quantification

Trypan blue staining was used to visualize mycorrhization in all samples 
(Chabaud et al., 2006). Mycorrhized roots were first cleared by 
potassium hydroxide (KOH) for 20 min at 90 0C followed by 2 washes 
with demineralized water. Trypan blue staining solution was prepared by 
combining 25ml 2% (w/v) trypan blue stock solution and 1l Lactoglycerol 
solution (300ml Lactic acid, 300ml Glycerol and 400ml double-distilled 
water). Cleared roots were submerged in trypan blue staining solution 
and stained at 90℃ for 4min. After staining the roots were kept in glycerol 
until observation. ~50cm roots of each sample were mounted on slides 
and mycorrhization was quantified according to Trouvelot et al. (1986).

qPCR

iQ SYBR Green Supermix (Bio-Rad) and Bio-Rad CFX Real-Time System 
were used in all qPCRs. For samples from different plant species, 1 μg 
total RNA of each sample was used for cDNA synthesis using iScript cDNA 
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Synthesis kit (Bio-Rad). For samples collected by laser microdissection, 
pre-amplified cDNAs were used as template for qPCR. Medicago genes or 
fungal genes were normalized using Medicago Elongation factor 1 alpha 
or R. irregularis Elongation factor 1 alpha as reference gene, respectively. 
Primer sequences are summarized in Table S8. Expression values were 
calculated as 2^-△Ct. 3 biological replicates with 3 technical replicates 
each were used. 

Subcellular localization

LOCALIZER 1.0 (http://localizer.csiro.au/; Sperschneider et al., 2017) 
was used to predict nuclear localization of SPs. To experimentally verify 
LOCALIZER predictions, the coding sequences of SPs- without signal 
peptide - were cloned into an entry vector pENTR/D-TOPO or pDONR221. 
Primers used are summarized in Table S8. Final recombinant binary vectors 
were made by single-site Gateway LR reaction (Invitrogen) with GFP-
containing destination vectors pK7FWG2(N-GFP) or pK7WGF2(C-GFP) or 
multisite Gateway using pENTR41-35Sp::mCherry into a pKGW-RR-MGW 
destination vector. The fluorescently-tagged constructs were transformed 
into Agrobacterium tumefaciens C58. Transient agrobacterium-mediated 
transformation of 5-week old Nicotiana benthamiana leaves was 
performed by co-infiltration of GFP/mCherry-tagged constructs and the 
silencing suppressor p19. Briefly, A. tumefaciens strains were grown in 
liquid LB with appropriate antibiotics for 2 days at 28 °C. The bacteria were 
collected by centrifugation, resuspended in MMi medium (10 g/l sucrose, 
5 g/l MS basal salts (Duchefa), 2 g/l MES, 200 µM acetosyringone, pH 
5.6) to an OD600 of 0.1 and incubated for 1 hour at room temperature. 
Different GFP constructs together with p19 were made by mixing the 
appropriate bacterial suspensions in a 1:1 ratio. The suspensions were 
then injected into the leaves of Nicotiana benthamiana plants which 
were then grown a greenhouse at 21 °C. Three days post infiltration, the 
infiltrated parts were analysed by confocal microscopy using a Leica SP8 
confocal microscope.  
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Abstract

Arbuscular mycorrhizal fungi form the most wide-spread endosymbiosis 
with plants. There is very little host-specificity in this interaction, 
however host preferences as well as varying symbiotic efficiencies have 
been observed. We hypothesize that secreted proteins (SPs) may act 
as fungal effectors to control symbiotic efficiency in a host-dependent 
manner. Therefore, we studied whether AM fungi adjust their secretome 
in a host- and stage-dependent manner to contribute to their extremely 
wide host-range. We investigated the expression of SP-encoding genes 
of Rhizophagus irregularis in three evolutionary distantly-related 
plant species, Medicago truncatula, Nicotiana benthamiana and Allium 
schoenoprasum. In addition we used laser microdissection in combination 
with RNAseq to study SP expression at different stages of the interaction 
in Medicago. Our data indicate that most expressed SPs show roughly 
equal expression levels in the interaction with all three host plants. In 
addition, a subset shows significant differential expression depending on 
the host plant. Furthermore, SP expression is controlled locally in the 
hyphal network in response to host dependent cues. Overall, this study 
presents a comprehensive analysis of the R. irregularis secretome, which 
now offers a solid basis to direct functional studies on the role of fungal 
SPs in AM symbiosis.

Introduction

The vast majority of all land plants establish an endosymbiosis with 
arbuscular mycorrhizal (AM) fungi belonging to the fungal subphylum 
Glomeromycotina (Spatafora et al., 2016). This endosymbiosis, which 
originated ~450 million years ago, provides a number of benefits to plants 
such as improved uptake of scarce nutrients (especially P and N) and water 
from the soil, and protection against various biotic and abiotic stresses 
(Smith and Read, 2008). Individual AM fungi can colonize a large number 
of host plants, which indicates that (in general terms) there is a lack of 
host-specificity, although host preferences have been reported (Helgason 
et al., 1998; Vandenkoornhuyse et al., 2003; Torrecillas et al., 2012; 
van der Heijden et al., 2015). AM fungi establish extensive below ground 
networks interconnecting different plant species and most plant roots are 
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Results

Mycorrhization of three host plant species

To study whether AM fungi adjust their secretome depending on the plant 
host species that they colonize, we analysed the fungal transcriptome in 
mycorrhizal roots of three evolutionary distantly related plant species. 
Therefore, we chose the model legume Medicago truncatula (Medicago), 
Nicotiana benthamiana (Nicotiana) and the monocot crop Allium 
schoenoprasum (Chives, which is closely related to important crops in 
the Alliaceae family). The three plant species were inoculated with R. 
irregularis DAOM197198 and grown under standardized low phosphate 
conditions (20 μM Pi). 7 weeks after inoculation plants were harvested 

Figure 1. Mycorrhization of three host plant species Medicago truncatula 
(Medicago), Allium schoenoprasum (Chives) and Nicotiana benthamiana 
(Nicotiana). (a) Biomass of three hosts grown for 7 weeks under low (20 µM) 
phosphate condition (-P) with (+myc) or without AM fungi (-myc). (b) Trypan blue 
staining of three hosts 7 weeks post inoculation. Scales 25 µm. (c) Mycorrhization 
levels are represented as frequency of mycorrhiza formation (F%), the intensity of 
the mycorrhizal colonization (M%), and the arbuscule abundance (A) in the root 
system (Trouvelot et al., 1986).
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and the mycorrhizal colonization level was determined. All three plants 
species were equally well mycorrhized and showed improved growth 
when compared to the non-mycorrhized control (Fig. 1a-c). Highest 
mycorrhizal growth stimulation was observed for Nicotiana. No differences 
in colonization strategy were observed, with all three plant species 
showing an Arum-type infection, forming arbuscules in the cortical cells. 

Defining the DAOM197198 secretome

Several studies have predicted secreted proteins (SPs) based on the 
DAOM197198w genome assembly (Lin et al., 2014a), the Tisserant 
DAOM197198 (Gloin1) genome assembly or a combination of both 
(Tisserant et al., 2013; Sędzielewska Toro and Brachmann, 2016; Kim 
et al., 2016; Kamel et al., 2017b). As the assemblies (gene models) 
and prediction pipelines vary between these studies we first used our 
transcriptome data to verify the underlying gene models. Therefore the 
resulting paired-end reads were mapped to both the DAOM197198w 
(Lin et al., 2014a) and to the Tisserant (Gloin1) assembly (Tisserant et 
al., 2013). Expressed SPs were selected based on the following criteria: 
the presence of a signal peptide predicted by SignalP v2.0 and/or v4.1 
(Nielsen and Krogh, 1998; Petersen et al., 2011), excluding SPs containing 
transmembrane domains (not overlapping with the signal peptide) and 
mitochondrial signals (according to Lin et al., 2014a). Furthermore, only 
putative SPs with a minimal read count of 100 total in the combined whole 
root samples or developmental stages were considered. This somewhat 
conservative cut-off allowed us to confirm the underlying gene-model 
and our annotation as putative SP. We noted that the transcriptome was 
not fully saturated based on NOIseq analyses (data not shown), which 
suggests that very lowly expressed genes could have been missed. In 
cases where the gene model in the DAOM197198w genome assembly 
(Lin et al., 2014a) was not supported or when a gene encoding a potential 
effector was missing in the DAOM197198w assembly, we adjusted the gene 
model or added the corresponding sequence to our genome assembly, 
resulting in an updated genome that was used for all subsequent RNAseq 
analyses (changes are summarized in Table S1; corresponding identifiers 
for all expressed SPs are listed in Table S2). This strategy resulted in a list 
of 338 genes that we consider as expressed (under our tested conditions) 
putative SP encoding genes (Table S2). 
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colonized by multiple AM fungi. This extremely broad host-range implies 
that AM fungi must have highly efficient mechanisms to intracellularly 
colonize so many plants. Despite the absence of clear host-specificity, 
it has become clear that there can be substantial functional diversity in 
the benefits provided by AM fungi, which depends on both plant host 
and fungal genotype in combination with environmental conditions (Lee 
et al., 2006; Gosling et al., 2016; van der Heijden et al., 2015; Koch 
et al., 2017; Sawers et al., 2017). Such functional diversity has been 
observed between different AM fungal species as well as within species or 
even within fungal individuals (Sanders, 2010). However, the molecular 
basis for the observed differences in symbiotic efficiency in plant-fungus 
combinations is still largely unknown. Recently, it has become clear that 
AM fungi secrete effector proteins that manipulate functions (Kloppholz 
et al., 2011; Tsuzuki et al., 2016) in the host and we hypothesize that 
they may be key factors to control symbiotic efficiency and/or host range. 
Therefore, more insight is required in the expression profile of potential 
effector encoding genes during the interaction with different host plants.

To establish a functional AM symbiosis continuous signal exchange 
between both partners is needed. This dialogue starts when fungal 
spores/hypha perceive plant signals such as flavonoids, hydroxy fatty 
acids and strigolactones which stimulate germination, hyphal growth and 
branching or hyphopodium formation (Nadal and Paszkowski, 2013). In 
turn the fungus produces signal molecules to facilitate its entry into the 
root. The best studied fungal signals are lipo-chitooligosaccharides and 
short chitooligosaccharides (Maillet et al., 2011; Genre et al., 2013). 
These essential signals are perceived by LysM-domain receptor kinase 
complexes which activate a highly conserved signaling cascade, also 
called the common symbiotic signaling pathway (Gutjahr and Parniske, 
2013; Oldroyd, 2013; Zipfel and Oldroyd, 2017). 

In addition to the chitin-derived signal molecules, AM fungi also secrete 
an array of (small) proteins that may act as effector proteins. Effector 
proteins are extensively studied in the field of phytopathology, where 
pathogenic fungi or oomycetes as well as bacteria use effector proteins 
to manipulate host cells to facilitate successful infection; changing 
plant structure, suppressing innate immune responses or altering 
host metabolism. Such effectors can act in the apoplast or they are 
translocated to the host cells to exert their function in particular subcellular 
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Results

Mycorrhization of three host plant species

To study whether AM fungi adjust their secretome depending on the plant 
host species that they colonize, we analysed the fungal transcriptome in 
mycorrhizal roots of three evolutionary distantly related plant species. 
Therefore, we chose the model legume Medicago truncatula (Medicago), 
Nicotiana benthamiana (Nicotiana) and the monocot crop Allium 
schoenoprasum (Chives, which is closely related to important crops in 
the Alliaceae family). The three plant species were inoculated with R. 
irregularis DAOM197198 and grown under standardized low phosphate 
conditions (20 μM Pi). 7 weeks after inoculation plants were harvested 

Figure 1. Mycorrhization of three host plant species Medicago truncatula 
(Medicago), Allium schoenoprasum (Chives) and Nicotiana benthamiana 
(Nicotiana). (a) Biomass of three hosts grown for 7 weeks under low (20 µM) 
phosphate condition (-P) with (+myc) or without AM fungi (-myc). (b) Trypan blue 
staining of three hosts 7 weeks post inoculation. Scales 25 µm. (c) Mycorrhization 
levels are represented as frequency of mycorrhiza formation (F%), the intensity of 
the mycorrhizal colonization (M%), and the arbuscule abundance (A) in the root 
system (Trouvelot et al., 1986).
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and the mycorrhizal colonization level was determined. All three plants 
species were equally well mycorrhized and showed improved growth 
when compared to the non-mycorrhized control (Fig. 1a-c). Highest 
mycorrhizal growth stimulation was observed for Nicotiana. No differences 
in colonization strategy were observed, with all three plant species 
showing an Arum-type infection, forming arbuscules in the cortical cells. 

Defining the DAOM197198 secretome

Several studies have predicted secreted proteins (SPs) based on the 
DAOM197198w genome assembly (Lin et al., 2014a), the Tisserant 
DAOM197198 (Gloin1) genome assembly or a combination of both 
(Tisserant et al., 2013; Sędzielewska Toro and Brachmann, 2016; Kim 
et al., 2016; Kamel et al., 2017b). As the assemblies (gene models) 
and prediction pipelines vary between these studies we first used our 
transcriptome data to verify the underlying gene models. Therefore the 
resulting paired-end reads were mapped to both the DAOM197198w 
(Lin et al., 2014a) and to the Tisserant (Gloin1) assembly (Tisserant et 
al., 2013). Expressed SPs were selected based on the following criteria: 
the presence of a signal peptide predicted by SignalP v2.0 and/or v4.1 
(Nielsen and Krogh, 1998; Petersen et al., 2011), excluding SPs containing 
transmembrane domains (not overlapping with the signal peptide) and 
mitochondrial signals (according to Lin et al., 2014a). Furthermore, only 
putative SPs with a minimal read count of 100 total in the combined whole 
root samples or developmental stages were considered. This somewhat 
conservative cut-off allowed us to confirm the underlying gene-model 
and our annotation as putative SP. We noted that the transcriptome was 
not fully saturated based on NOIseq analyses (data not shown), which 
suggests that very lowly expressed genes could have been missed. In 
cases where the gene model in the DAOM197198w genome assembly 
(Lin et al., 2014a) was not supported or when a gene encoding a potential 
effector was missing in the DAOM197198w assembly, we adjusted the gene 
model or added the corresponding sequence to our genome assembly, 
resulting in an updated genome that was used for all subsequent RNAseq 
analyses (changes are summarized in Table S1; corresponding identifiers 
for all expressed SPs are listed in Table S2). This strategy resulted in a list 
of 338 genes that we consider as expressed (under our tested conditions) 
putative SP encoding genes (Table S2). 
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Abstract

Arbuscular mycorrhizal fungi form the most wide-spread endosymbiosis 
with plants. There is very little host-specificity in this interaction, 
however host preferences as well as varying symbiotic efficiencies have 
been observed. We hypothesize that secreted proteins (SPs) may act 
as fungal effectors to control symbiotic efficiency in a host-dependent 
manner. Therefore, we studied whether AM fungi adjust their secretome 
in a host- and stage-dependent manner to contribute to their extremely 
wide host-range. We investigated the expression of SP-encoding genes 
of Rhizophagus irregularis in three evolutionary distantly-related 
plant species, Medicago truncatula, Nicotiana benthamiana and Allium 
schoenoprasum. In addition we used laser microdissection in combination 
with RNAseq to study SP expression at different stages of the interaction 
in Medicago. Our data indicate that most expressed SPs show roughly 
equal expression levels in the interaction with all three host plants. In 
addition, a subset shows significant differential expression depending on 
the host plant. Furthermore, SP expression is controlled locally in the 
hyphal network in response to host dependent cues. Overall, this study 
presents a comprehensive analysis of the R. irregularis secretome, which 
now offers a solid basis to direct functional studies on the role of fungal 
SPs in AM symbiosis.

Introduction

The vast majority of all land plants establish an endosymbiosis with 
arbuscular mycorrhizal (AM) fungi belonging to the fungal subphylum 
Glomeromycotina (Spatafora et al., 2016). This endosymbiosis, which 
originated ~450 million years ago, provides a number of benefits to plants 
such as improved uptake of scarce nutrients (especially P and N) and water 
from the soil, and protection against various biotic and abiotic stresses 
(Smith and Read, 2008). Individual AM fungi can colonize a large number 
of host plants, which indicates that (in general terms) there is a lack of 
host-specificity, although host preferences have been reported (Helgason 
et al., 1998; Vandenkoornhuyse et al., 2003; Torrecillas et al., 2012; 
van der Heijden et al., 2015). AM fungi establish extensive below ground 
networks interconnecting different plant species and most plant roots are 
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Host-dependent secretome

Next, we used the updated assembly as reference genome to perform 
RNAseq analyses on the three different plant species samples (Fig. S1a). 
Details on the mapping are summarized in Table S3a. CLC genomics 
workbench 10.0.1 was used to identify SPs that show significantly 
differential expression (>4 fold-change, FDR p < 0.05) between the 
different plant species (Fig. 2, Table S4). The vast majority (254 genes) 
of the SPs was more or less equally expressed in all three plant species 
(Fig. 2). In addition to these, 42 genes showed significant differential 
expression among all three host plant species (Table 1). Medicago showed 
the highest number of dependently induced candidate effector genes (15) 
compared to Chives (5) and Nicotiana (7).

1-on-1 comparison of differentially expressed genes (fold change >4; FDR 
p < 0.05) between two plant species, resulted in slightly higher numbers 
of host-dependent SP expression (Table S4). For example; 27 and 26 
SPs are significantly higher expressed in Medicago compared to Chives 
and Nicotiana, respectively; 16 and 10 SPs are significantly enriched in 
Chives compared to Medicago and Nicotiana; and respectively 22 and 22 

Medicago

Chives Nicotiana

44
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7 75

15

296
Figure 2. Host-dependent secretome of Rhizophagus irregularis. 296 expressed 
R. irregularis SPs are grouped to their respective host plants when showing >4-fold 
higher expression levels (FDR p value < 0.05) in relation to the other hosts. 254 SPs 
show equal (< 4-fold difference) expression in the three host plants.
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SPs show enriched expression in Nicotiana compared to Medicago and 
Chives. To validate the host-dependent expression qPCR analysis were 
performed on independently harvested biological samples (Fig. 3). These 
analyses confirmed the host-dependent expression pattern. Therefore we 
conclude that a subset of potential effector genes is induced in response 
to host-dependent cues. 

Around 60% of the SPs that are expressed in a host-dependent manner 
(Table S2) do not have a predicted function, nor show homology to 
known protein motifs/domains. Three host-dependent SPs (RirG109060, 
RirG216030, RirG176700) contain a MD-2-related lipid-recognition (ML) 
domain lipid binding domain. The ML domain is thought to mediate 
interaction with specific lipids and ML domain containing proteins have 
been linked with regulation of lipid metabolism or innate immunity 
especially in animals (Inohara and Nuñez, 2002). This suggests that R. 
irregularis ML-domain effectors could play a role in lipid-related signaling 
between fungus and plant during distinct stages of the interaction. 
Additionally, the Medicago and Chives enriched SP RirG228770 shows 
homology to a lipase (class 3), involved in lipid metabolism/degradation. 
It has recently been shown that AM fungi are fatty acid auxotrophs 
that obtain lipids from their plant hosts (Jiang et al., 2017; Keymer et 
al., 2017; Bravo et al., 2017; Luginbuehl et al., 2017). Therefore it is 
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Figure 3. qPCR verification of host-dependent SPs in independent biological 
samples. All genes were normalized using Rhizophagus irregularis elongation 
factor 1 alpha (RiEF) as reference gene. Expression levels were represented as 
2^(-△Ct). Error bars indicate standard error in 3 biological replicates.
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colonized by multiple AM fungi. This extremely broad host-range implies 
that AM fungi must have highly efficient mechanisms to intracellularly 
colonize so many plants. Despite the absence of clear host-specificity, 
it has become clear that there can be substantial functional diversity in 
the benefits provided by AM fungi, which depends on both plant host 
and fungal genotype in combination with environmental conditions (Lee 
et al., 2006; Gosling et al., 2016; van der Heijden et al., 2015; Koch 
et al., 2017; Sawers et al., 2017). Such functional diversity has been 
observed between different AM fungal species as well as within species or 
even within fungal individuals (Sanders, 2010). However, the molecular 
basis for the observed differences in symbiotic efficiency in plant-fungus 
combinations is still largely unknown. Recently, it has become clear that 
AM fungi secrete effector proteins that manipulate functions (Kloppholz 
et al., 2011; Tsuzuki et al., 2016) in the host and we hypothesize that 
they may be key factors to control symbiotic efficiency and/or host range. 
Therefore, more insight is required in the expression profile of potential 
effector encoding genes during the interaction with different host plants.

To establish a functional AM symbiosis continuous signal exchange 
between both partners is needed. This dialogue starts when fungal 
spores/hypha perceive plant signals such as flavonoids, hydroxy fatty 
acids and strigolactones which stimulate germination, hyphal growth and 
branching or hyphopodium formation (Nadal and Paszkowski, 2013). In 
turn the fungus produces signal molecules to facilitate its entry into the 
root. The best studied fungal signals are lipo-chitooligosaccharides and 
short chitooligosaccharides (Maillet et al., 2011; Genre et al., 2013). 
These essential signals are perceived by LysM-domain receptor kinase 
complexes which activate a highly conserved signaling cascade, also 
called the common symbiotic signaling pathway (Gutjahr and Parniske, 
2013; Oldroyd, 2013; Zipfel and Oldroyd, 2017). 

In addition to the chitin-derived signal molecules, AM fungi also secrete 
an array of (small) proteins that may act as effector proteins. Effector 
proteins are extensively studied in the field of phytopathology, where 
pathogenic fungi or oomycetes as well as bacteria use effector proteins 
to manipulate host cells to facilitate successful infection; changing 
plant structure, suppressing innate immune responses or altering 
host metabolism. Such effectors can act in the apoplast or they are 
translocated to the host cells to exert their function in particular subcellular 
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Next, we used the updated assembly as reference genome to perform 
RNAseq analyses on the three different plant species samples (Fig. S1a). 
Details on the mapping are summarized in Table S3a. CLC genomics 
workbench 10.0.1 was used to identify SPs that show significantly 
differential expression (>4 fold-change, FDR p < 0.05) between the 
different plant species (Fig. 2, Table S4). The vast majority (254 genes) 
of the SPs was more or less equally expressed in all three plant species 
(Fig. 2). In addition to these, 42 genes showed significant differential 
expression among all three host plant species (Table 1). Medicago showed 
the highest number of dependently induced candidate effector genes (15) 
compared to Chives (5) and Nicotiana (7).

1-on-1 comparison of differentially expressed genes (fold change >4; FDR 
p < 0.05) between two plant species, resulted in slightly higher numbers 
of host-dependent SP expression (Table S4). For example; 27 and 26 
SPs are significantly higher expressed in Medicago compared to Chives 
and Nicotiana, respectively; 16 and 10 SPs are significantly enriched in 
Chives compared to Medicago and Nicotiana; and respectively 22 and 22 
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R. irregularis SPs are grouped to their respective host plants when showing >4-fold 
higher expression levels (FDR p value < 0.05) in relation to the other hosts. 254 SPs 
show equal (< 4-fold difference) expression in the three host plants.
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SPs show enriched expression in Nicotiana compared to Medicago and 
Chives. To validate the host-dependent expression qPCR analysis were 
performed on independently harvested biological samples (Fig. 3). These 
analyses confirmed the host-dependent expression pattern. Therefore we 
conclude that a subset of potential effector genes is induced in response 
to host-dependent cues. 

Around 60% of the SPs that are expressed in a host-dependent manner 
(Table S2) do not have a predicted function, nor show homology to 
known protein motifs/domains. Three host-dependent SPs (RirG109060, 
RirG216030, RirG176700) contain a MD-2-related lipid-recognition (ML) 
domain lipid binding domain. The ML domain is thought to mediate 
interaction with specific lipids and ML domain containing proteins have 
been linked with regulation of lipid metabolism or innate immunity 
especially in animals (Inohara and Nuñez, 2002). This suggests that R. 
irregularis ML-domain effectors could play a role in lipid-related signaling 
between fungus and plant during distinct stages of the interaction. 
Additionally, the Medicago and Chives enriched SP RirG228770 shows 
homology to a lipase (class 3), involved in lipid metabolism/degradation. 
It has recently been shown that AM fungi are fatty acid auxotrophs 
that obtain lipids from their plant hosts (Jiang et al., 2017; Keymer et 
al., 2017; Bravo et al., 2017; Luginbuehl et al., 2017). Therefore it is 
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Figure 3. qPCR verification of host-dependent SPs in independent biological 
samples. All genes were normalized using Rhizophagus irregularis elongation 
factor 1 alpha (RiEF) as reference gene. Expression levels were represented as 
2^(-△Ct). Error bars indicate standard error in 3 biological replicates.
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Abstract

Arbuscular mycorrhizal fungi form the most wide-spread endosymbiosis 
with plants. There is very little host-specificity in this interaction, 
however host preferences as well as varying symbiotic efficiencies have 
been observed. We hypothesize that secreted proteins (SPs) may act 
as fungal effectors to control symbiotic efficiency in a host-dependent 
manner. Therefore, we studied whether AM fungi adjust their secretome 
in a host- and stage-dependent manner to contribute to their extremely 
wide host-range. We investigated the expression of SP-encoding genes 
of Rhizophagus irregularis in three evolutionary distantly-related 
plant species, Medicago truncatula, Nicotiana benthamiana and Allium 
schoenoprasum. In addition we used laser microdissection in combination 
with RNAseq to study SP expression at different stages of the interaction 
in Medicago. Our data indicate that most expressed SPs show roughly 
equal expression levels in the interaction with all three host plants. In 
addition, a subset shows significant differential expression depending on 
the host plant. Furthermore, SP expression is controlled locally in the 
hyphal network in response to host dependent cues. Overall, this study 
presents a comprehensive analysis of the R. irregularis secretome, which 
now offers a solid basis to direct functional studies on the role of fungal 
SPs in AM symbiosis.

Introduction

The vast majority of all land plants establish an endosymbiosis with 
arbuscular mycorrhizal (AM) fungi belonging to the fungal subphylum 
Glomeromycotina (Spatafora et al., 2016). This endosymbiosis, which 
originated ~450 million years ago, provides a number of benefits to plants 
such as improved uptake of scarce nutrients (especially P and N) and water 
from the soil, and protection against various biotic and abiotic stresses 
(Smith and Read, 2008). Individual AM fungi can colonize a large number 
of host plants, which indicates that (in general terms) there is a lack of 
host-specificity, although host preferences have been reported (Helgason 
et al., 1998; Vandenkoornhuyse et al., 2003; Torrecillas et al., 2012; 
van der Heijden et al., 2015). AM fungi establish extensive below ground 
networks interconnecting different plant species and most plant roots are 
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2

colonized by multiple AM fungi. This extremely broad host-range implies 
that AM fungi must have highly efficient mechanisms to intracellularly 
colonize so many plants. Despite the absence of clear host-specificity, 
it has become clear that there can be substantial functional diversity in 
the benefits provided by AM fungi, which depends on both plant host 
and fungal genotype in combination with environmental conditions (Lee 
et al., 2006; Gosling et al., 2016; van der Heijden et al., 2015; Koch 
et al., 2017; Sawers et al., 2017). Such functional diversity has been 
observed between different AM fungal species as well as within species or 
even within fungal individuals (Sanders, 2010). However, the molecular 
basis for the observed differences in symbiotic efficiency in plant-fungus 
combinations is still largely unknown. Recently, it has become clear that 
AM fungi secrete effector proteins that manipulate functions (Kloppholz 
et al., 2011; Tsuzuki et al., 2016) in the host and we hypothesize that 
they may be key factors to control symbiotic efficiency and/or host range. 
Therefore, more insight is required in the expression profile of potential 
effector encoding genes during the interaction with different host plants.

To establish a functional AM symbiosis continuous signal exchange 
between both partners is needed. This dialogue starts when fungal 
spores/hypha perceive plant signals such as flavonoids, hydroxy fatty 
acids and strigolactones which stimulate germination, hyphal growth and 
branching or hyphopodium formation (Nadal and Paszkowski, 2013). In 
turn the fungus produces signal molecules to facilitate its entry into the 
root. The best studied fungal signals are lipo-chitooligosaccharides and 
short chitooligosaccharides (Maillet et al., 2011; Genre et al., 2013). 
These essential signals are perceived by LysM-domain receptor kinase 
complexes which activate a highly conserved signaling cascade, also 
called the common symbiotic signaling pathway (Gutjahr and Parniske, 
2013; Oldroyd, 2013; Zipfel and Oldroyd, 2017). 

In addition to the chitin-derived signal molecules, AM fungi also secrete 
an array of (small) proteins that may act as effector proteins. Effector 
proteins are extensively studied in the field of phytopathology, where 
pathogenic fungi or oomycetes as well as bacteria use effector proteins 
to manipulate host cells to facilitate successful infection; changing 
plant structure, suppressing innate immune responses or altering 
host metabolism. Such effectors can act in the apoplast or they are 
translocated to the host cells to exert their function in particular subcellular 
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Abstract

Arbuscular mycorrhizal fungi form the most wide-spread endosymbiosis 
with plants. There is very little host-specificity in this interaction, 
however host preferences as well as varying symbiotic efficiencies have 
been observed. We hypothesize that secreted proteins (SPs) may act 
as fungal effectors to control symbiotic efficiency in a host-dependent 
manner. Therefore, we studied whether AM fungi adjust their secretome 
in a host- and stage-dependent manner to contribute to their extremely 
wide host-range. We investigated the expression of SP-encoding genes 
of Rhizophagus irregularis in three evolutionary distantly-related 
plant species, Medicago truncatula, Nicotiana benthamiana and Allium 
schoenoprasum. In addition we used laser microdissection in combination 
with RNAseq to study SP expression at different stages of the interaction 
in Medicago. Our data indicate that most expressed SPs show roughly 
equal expression levels in the interaction with all three host plants. In 
addition, a subset shows significant differential expression depending on 
the host plant. Furthermore, SP expression is controlled locally in the 
hyphal network in response to host dependent cues. Overall, this study 
presents a comprehensive analysis of the R. irregularis secretome, which 
now offers a solid basis to direct functional studies on the role of fungal 
SPs in AM symbiosis.

Introduction

The vast majority of all land plants establish an endosymbiosis with 
arbuscular mycorrhizal (AM) fungi belonging to the fungal subphylum 
Glomeromycotina (Spatafora et al., 2016). This endosymbiosis, which 
originated ~450 million years ago, provides a number of benefits to plants 
such as improved uptake of scarce nutrients (especially P and N) and water 
from the soil, and protection against various biotic and abiotic stresses 
(Smith and Read, 2008). Individual AM fungi can colonize a large number 
of host plants, which indicates that (in general terms) there is a lack of 
host-specificity, although host preferences have been reported (Helgason 
et al., 1998; Vandenkoornhuyse et al., 2003; Torrecillas et al., 2012; 
van der Heijden et al., 2015). AM fungi establish extensive below ground 
networks interconnecting different plant species and most plant roots are 
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tempting to speculate that lipid binding effectors could also play a role 
in lipid uptake by AM fungi, in analogy to secreted elicitin effectors from 
the oomycete Phytophthora that facilitate sterol lipid uptake from the 
plant  (Mikes et al., 1998; Vauthrin et al., 1999).  Six host-dependent 
SPs (RirG093500, RirG135000, RirG169540, RirG057150, RirG082240 
and RirG134450) show homology to serine-type endopeptidases, 
suggesting that processing of proteins plays an important role in host-
dependent interactions of AM fungi. In the interaction with Chives the 
SP RirG091260 is highly induced and shows homology to a mold-specific 
M46 protein from yeast, which has been suggested to function in drug 
resistance and iron and sugar transport although functional (genetic) 
validation is lacking (Davida Crossley dissertation, 2013; Crossley et al., 
2016). Intriguingly, RirG091260 also shows homology to FGB1 from the 
root endophyte Piriformospora indica. FGB1 was shown to bind fungal 
β-glucan to suppress glucan-triggered-immunity (Wawra et al., 2016). 
Therefore, it will be interesting to test whether RirG091260 has a similar 
glucan binding activity.  RirG208200 is a homolog of SP7 which was 
reported to modulate plant immune responses (Kloppholz et al., 2011). 
In contrast to SP7, which appears to be more or less equally expressed in 
all three host plants, RirG208200 shows significantly lower expression in 
the interaction with Nicotiana compared to Medicago and Chives. 

Effector expression is controlled locally in response to host-dependent 
cues

R. irregularis has coenocytic hyphae were millions of nuclei migrate in a 
common cytoplasm (Jany and Pawlowska, 2010; Marleau et al., 2011). 
The hyphal network of an individual AM fungus can be in contact with 
multiple plant species at the same time and extend over vast area 
(Smith and Read, 2008). This raises the question whether AM fungi that 
form a connecting network between two plant species can adjust their 
transcriptome locally to the plant species that is colonized. To study this 
in relation to the host-dependent secretome, we grew Medicago and 
Chives in a dual compartment set-up where either plant species was 
grown as nurse plant inoculated by R. irregularis surrounded by a 45 µm 
mesh which allows fungal hyphae to pass, but prevents plant roots from 
growing into the second (hyphal) compartment (Fig. 4a). This set-up 
allows the creation of a hyphal network that connects both plant species. 
After 6 weeks, Medicago seedlings were planted in the (root-free) hyphal 
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compartment and grown for a further 4 weeks. Mycorrhized roots (Fig. 4b) 
were harvested from the inner (nurse) compartment, containing either 
Medicago or Chives, and from the corresponding hyphal compartment. 
We noted that the amount of intraradical mycelium (M%) was reduced 
in Medicago roots grown in the  outer compartment, although arbuscule 
abundance  (A%) did not significantly differ from the mycorrhized 
Medicago plants grown in the inner compartment (Fig. 4b). This suggest 
that Medicago was somewhat less efficient as nurse plant compared to 
Chives at the sampled time point. Next we analysed the expression of 
four selected Medicago- or Chive-dependent candidate effectors by qRT-
PCR (Fig. 4c). 

The SPs RirG091260, RirG172310 and RirG118200 show enriched 
expression in either Medicago or Chives; RirG091260 is Chives-dependent 
and shows high expression in the Chives compartment, but not in the 
connected Medicago plants (Fig. 4c).  RirG118200 and RirG172310 only 
show high expression in Medicago in line with the RNAseq data, when 
connected to Chives nurse plants. Therefore we conclude that an AM fungal 
network connected to two host plant species is able to locally respond 
to conditions provided by a particular host, resulting in a differential 
expression of SPs in different parts of the network. In addition we noticed 
that, in line with the RNAseq data, RirG198090 is Chives-dependent in 
the two compartment set-up with Chives as nurse plant, showing very 
little expression in Medicago (Fig. 4c). However, when Medicago was used 
as nurse plant, we also detected considerable expression in the older 
(10 week-old) Medicago nurse plants, while the younger (4 week old) 
Medicago plants in the second compartment hardly showed expression 
(Fig. 4c). Staining for mycorrhization of plants from both compartments 
indicated that colonization in both compartments was comparable (Fig. 
4b). This suggests that the age of the plant and/or interaction creates a 
different local environment, which is perceived by the fungus resulting in 
a change in secretome. 

Stage-specific secretome 

To further investigate whether SPs are expressed at specific stages during 
the interaction with the plant, we analysed their expression in extraradical 
mycelium (ERM), intraradical hyphae growing in the intercellular spaces 
(IRM) and arbuscules (ARB) formed in Medicago root cortex cells. Laser 
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colonized by multiple AM fungi. This extremely broad host-range implies 
that AM fungi must have highly efficient mechanisms to intracellularly 
colonize so many plants. Despite the absence of clear host-specificity, 
it has become clear that there can be substantial functional diversity in 
the benefits provided by AM fungi, which depends on both plant host 
and fungal genotype in combination with environmental conditions (Lee 
et al., 2006; Gosling et al., 2016; van der Heijden et al., 2015; Koch 
et al., 2017; Sawers et al., 2017). Such functional diversity has been 
observed between different AM fungal species as well as within species or 
even within fungal individuals (Sanders, 2010). However, the molecular 
basis for the observed differences in symbiotic efficiency in plant-fungus 
combinations is still largely unknown. Recently, it has become clear that 
AM fungi secrete effector proteins that manipulate functions (Kloppholz 
et al., 2011; Tsuzuki et al., 2016) in the host and we hypothesize that 
they may be key factors to control symbiotic efficiency and/or host range. 
Therefore, more insight is required in the expression profile of potential 
effector encoding genes during the interaction with different host plants.

To establish a functional AM symbiosis continuous signal exchange 
between both partners is needed. This dialogue starts when fungal 
spores/hypha perceive plant signals such as flavonoids, hydroxy fatty 
acids and strigolactones which stimulate germination, hyphal growth and 
branching or hyphopodium formation (Nadal and Paszkowski, 2013). In 
turn the fungus produces signal molecules to facilitate its entry into the 
root. The best studied fungal signals are lipo-chitooligosaccharides and 
short chitooligosaccharides (Maillet et al., 2011; Genre et al., 2013). 
These essential signals are perceived by LysM-domain receptor kinase 
complexes which activate a highly conserved signaling cascade, also 
called the common symbiotic signaling pathway (Gutjahr and Parniske, 
2013; Oldroyd, 2013; Zipfel and Oldroyd, 2017). 

In addition to the chitin-derived signal molecules, AM fungi also secrete 
an array of (small) proteins that may act as effector proteins. Effector 
proteins are extensively studied in the field of phytopathology, where 
pathogenic fungi or oomycetes as well as bacteria use effector proteins 
to manipulate host cells to facilitate successful infection; changing 
plant structure, suppressing innate immune responses or altering 
host metabolism. Such effectors can act in the apoplast or they are 
translocated to the host cells to exert their function in particular subcellular 
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multiple plant species at the same time and extend over vast area 
(Smith and Read, 2008). This raises the question whether AM fungi that 
form a connecting network between two plant species can adjust their 
transcriptome locally to the plant species that is colonized. To study this 
in relation to the host-dependent secretome, we grew Medicago and 
Chives in a dual compartment set-up where either plant species was 
grown as nurse plant inoculated by R. irregularis surrounded by a 45 µm 
mesh which allows fungal hyphae to pass, but prevents plant roots from 
growing into the second (hyphal) compartment (Fig. 4a). This set-up 
allows the creation of a hyphal network that connects both plant species. 
After 6 weeks, Medicago seedlings were planted in the (root-free) hyphal 
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compartment and grown for a further 4 weeks. Mycorrhized roots (Fig. 4b) 
were harvested from the inner (nurse) compartment, containing either 
Medicago or Chives, and from the corresponding hyphal compartment. 
We noted that the amount of intraradical mycelium (M%) was reduced 
in Medicago roots grown in the  outer compartment, although arbuscule 
abundance  (A%) did not significantly differ from the mycorrhized 
Medicago plants grown in the inner compartment (Fig. 4b). This suggest 
that Medicago was somewhat less efficient as nurse plant compared to 
Chives at the sampled time point. Next we analysed the expression of 
four selected Medicago- or Chive-dependent candidate effectors by qRT-
PCR (Fig. 4c). 

The SPs RirG091260, RirG172310 and RirG118200 show enriched 
expression in either Medicago or Chives; RirG091260 is Chives-dependent 
and shows high expression in the Chives compartment, but not in the 
connected Medicago plants (Fig. 4c).  RirG118200 and RirG172310 only 
show high expression in Medicago in line with the RNAseq data, when 
connected to Chives nurse plants. Therefore we conclude that an AM fungal 
network connected to two host plant species is able to locally respond 
to conditions provided by a particular host, resulting in a differential 
expression of SPs in different parts of the network. In addition we noticed 
that, in line with the RNAseq data, RirG198090 is Chives-dependent in 
the two compartment set-up with Chives as nurse plant, showing very 
little expression in Medicago (Fig. 4c). However, when Medicago was used 
as nurse plant, we also detected considerable expression in the older 
(10 week-old) Medicago nurse plants, while the younger (4 week old) 
Medicago plants in the second compartment hardly showed expression 
(Fig. 4c). Staining for mycorrhization of plants from both compartments 
indicated that colonization in both compartments was comparable (Fig. 
4b). This suggests that the age of the plant and/or interaction creates a 
different local environment, which is perceived by the fungus resulting in 
a change in secretome. 

Stage-specific secretome 

To further investigate whether SPs are expressed at specific stages during 
the interaction with the plant, we analysed their expression in extraradical 
mycelium (ERM), intraradical hyphae growing in the intercellular spaces 
(IRM) and arbuscules (ARB) formed in Medicago root cortex cells. Laser 
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Abstract

Arbuscular mycorrhizal fungi form the most wide-spread endosymbiosis 
with plants. There is very little host-specificity in this interaction, 
however host preferences as well as varying symbiotic efficiencies have 
been observed. We hypothesize that secreted proteins (SPs) may act 
as fungal effectors to control symbiotic efficiency in a host-dependent 
manner. Therefore, we studied whether AM fungi adjust their secretome 
in a host- and stage-dependent manner to contribute to their extremely 
wide host-range. We investigated the expression of SP-encoding genes 
of Rhizophagus irregularis in three evolutionary distantly-related 
plant species, Medicago truncatula, Nicotiana benthamiana and Allium 
schoenoprasum. In addition we used laser microdissection in combination 
with RNAseq to study SP expression at different stages of the interaction 
in Medicago. Our data indicate that most expressed SPs show roughly 
equal expression levels in the interaction with all three host plants. In 
addition, a subset shows significant differential expression depending on 
the host plant. Furthermore, SP expression is controlled locally in the 
hyphal network in response to host dependent cues. Overall, this study 
presents a comprehensive analysis of the R. irregularis secretome, which 
now offers a solid basis to direct functional studies on the role of fungal 
SPs in AM symbiosis.

Introduction

The vast majority of all land plants establish an endosymbiosis with 
arbuscular mycorrhizal (AM) fungi belonging to the fungal subphylum 
Glomeromycotina (Spatafora et al., 2016). This endosymbiosis, which 
originated ~450 million years ago, provides a number of benefits to plants 
such as improved uptake of scarce nutrients (especially P and N) and water 
from the soil, and protection against various biotic and abiotic stresses 
(Smith and Read, 2008). Individual AM fungi can colonize a large number 
of host plants, which indicates that (in general terms) there is a lack of 
host-specificity, although host preferences have been reported (Helgason 
et al., 1998; Vandenkoornhuyse et al., 2003; Torrecillas et al., 2012; 
van der Heijden et al., 2015). AM fungi establish extensive below ground 
networks interconnecting different plant species and most plant roots are 
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microdissection (LMD) was used to separately harvest arbuscules and 
cortex layers containing intercellular hyphae (Fig. 5a). Subsequently, 
RNA was amplified and used for library preparation and RNAseq (Table 
S3b and S5; Fig. S1b). In addition, we made use of the RNAseq data 
generated by Tsuzuki et al. (2016) representing  ERM collected from 
axenic Medicago root cultures and germinating R. irregularis spores 
with or without treatment with the synthetic strigolactone analog GR24. 
Reads were mapped against the updated R. irregularis assembly and 
differentially expressed candidate effector genes were identified (Fig. 
5b, c; Table S6a,b). The LMD-RNAseq data nicely reflect the expression 
pattern of studied plant marker genes known from literature (Table S7) 
and was verified by qPCR analysis for selected genes (Fig. S2).

119 SPs are preferentially expressed in planta compared to ERM 
(>4-fold enriched, FDR p < 0.05). Of these, 52 SPs show specifically 
enriched expression in arbuscules.  Only 1 SP was specifically enriched 
in the intercellular hyphae (IRM), while 4 SPs show a markedly reduced 
expression specifically in the IRM. 66 SPs show specific/enriched 
expression in the extraradical mycelium (ERM) compared to ARB and 
IRM (Fig. 5b). 12 of the ERM-specific/enriched SPs were induced when 
compared to germinating spores (> 4 fold-change, FDR p < 0.05; Fig. 5c). 
These genes are possibly induced by exudates released by plant roots. 
None of these genes showed induction by the strigolactone analog GR24, 
suggesting that other plant metabolites may be perceived by the fungus 
to influence their expression. All of the 5 GR24-induced SPs (RirG259300, 
RirG172350, jgi.p|Gloin1|348911, RirG196860 and RirG122040, Table 
S6) also show induced expression in ARB and IRM when compared to 

Figure 4. AM fungal secretome is locally regulated in response to host-
dependent cues. (a) Schematic representation of the growth system. Pots were 
separated into a central and an outer compartment by a 45 µm mesh. Only in the 
central compartment AM inoculum was applied. Chives or Medicago were planted 
into the central compartment. After 6 weeks, new Medicago seedlings were planted 
into the outer compartment. All plants were harvested after another 4 weeks. (b) 
Mycorrhization levels are represented as frequency of mycorrhiza formation (F%), 
the intensity of the mycorrhizal colonization (M%), and the arbuscule abundance (A) 
in the root system (Trouvelot et al., 1986). (c) qPCR analysis of 4 host-dependent 
SPs. All genes were normalized using Rhizophagus irregularis elongation factor 1 
alpha (RiEF) as reference gene. Expression levels were represented as 2^(-△Ct). 
Error bars indicate standard error in 3 biological replicates.

continued
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colonized by multiple AM fungi. This extremely broad host-range implies 
that AM fungi must have highly efficient mechanisms to intracellularly 
colonize so many plants. Despite the absence of clear host-specificity, 
it has become clear that there can be substantial functional diversity in 
the benefits provided by AM fungi, which depends on both plant host 
and fungal genotype in combination with environmental conditions (Lee 
et al., 2006; Gosling et al., 2016; van der Heijden et al., 2015; Koch 
et al., 2017; Sawers et al., 2017). Such functional diversity has been 
observed between different AM fungal species as well as within species or 
even within fungal individuals (Sanders, 2010). However, the molecular 
basis for the observed differences in symbiotic efficiency in plant-fungus 
combinations is still largely unknown. Recently, it has become clear that 
AM fungi secrete effector proteins that manipulate functions (Kloppholz 
et al., 2011; Tsuzuki et al., 2016) in the host and we hypothesize that 
they may be key factors to control symbiotic efficiency and/or host range. 
Therefore, more insight is required in the expression profile of potential 
effector encoding genes during the interaction with different host plants.

To establish a functional AM symbiosis continuous signal exchange 
between both partners is needed. This dialogue starts when fungal 
spores/hypha perceive plant signals such as flavonoids, hydroxy fatty 
acids and strigolactones which stimulate germination, hyphal growth and 
branching or hyphopodium formation (Nadal and Paszkowski, 2013). In 
turn the fungus produces signal molecules to facilitate its entry into the 
root. The best studied fungal signals are lipo-chitooligosaccharides and 
short chitooligosaccharides (Maillet et al., 2011; Genre et al., 2013). 
These essential signals are perceived by LysM-domain receptor kinase 
complexes which activate a highly conserved signaling cascade, also 
called the common symbiotic signaling pathway (Gutjahr and Parniske, 
2013; Oldroyd, 2013; Zipfel and Oldroyd, 2017). 

In addition to the chitin-derived signal molecules, AM fungi also secrete 
an array of (small) proteins that may act as effector proteins. Effector 
proteins are extensively studied in the field of phytopathology, where 
pathogenic fungi or oomycetes as well as bacteria use effector proteins 
to manipulate host cells to facilitate successful infection; changing 
plant structure, suppressing innate immune responses or altering 
host metabolism. Such effectors can act in the apoplast or they are 
translocated to the host cells to exert their function in particular subcellular 
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microdissection (LMD) was used to separately harvest arbuscules and 
cortex layers containing intercellular hyphae (Fig. 5a). Subsequently, 
RNA was amplified and used for library preparation and RNAseq (Table 
S3b and S5; Fig. S1b). In addition, we made use of the RNAseq data 
generated by Tsuzuki et al. (2016) representing  ERM collected from 
axenic Medicago root cultures and germinating R. irregularis spores 
with or without treatment with the synthetic strigolactone analog GR24. 
Reads were mapped against the updated R. irregularis assembly and 
differentially expressed candidate effector genes were identified (Fig. 
5b, c; Table S6a,b). The LMD-RNAseq data nicely reflect the expression 
pattern of studied plant marker genes known from literature (Table S7) 
and was verified by qPCR analysis for selected genes (Fig. S2).

119 SPs are preferentially expressed in planta compared to ERM 
(>4-fold enriched, FDR p < 0.05). Of these, 52 SPs show specifically 
enriched expression in arbuscules.  Only 1 SP was specifically enriched 
in the intercellular hyphae (IRM), while 4 SPs show a markedly reduced 
expression specifically in the IRM. 66 SPs show specific/enriched 
expression in the extraradical mycelium (ERM) compared to ARB and 
IRM (Fig. 5b). 12 of the ERM-specific/enriched SPs were induced when 
compared to germinating spores (> 4 fold-change, FDR p < 0.05; Fig. 5c). 
These genes are possibly induced by exudates released by plant roots. 
None of these genes showed induction by the strigolactone analog GR24, 
suggesting that other plant metabolites may be perceived by the fungus 
to influence their expression. All of the 5 GR24-induced SPs (RirG259300, 
RirG172350, jgi.p|Gloin1|348911, RirG196860 and RirG122040, Table 
S6) also show induced expression in ARB and IRM when compared to 

Figure 4. AM fungal secretome is locally regulated in response to host-
dependent cues. (a) Schematic representation of the growth system. Pots were 
separated into a central and an outer compartment by a 45 µm mesh. Only in the 
central compartment AM inoculum was applied. Chives or Medicago were planted 
into the central compartment. After 6 weeks, new Medicago seedlings were planted 
into the outer compartment. All plants were harvested after another 4 weeks. (b) 
Mycorrhization levels are represented as frequency of mycorrhiza formation (F%), 
the intensity of the mycorrhizal colonization (M%), and the arbuscule abundance (A) 
in the root system (Trouvelot et al., 1986). (c) qPCR analysis of 4 host-dependent 
SPs. All genes were normalized using Rhizophagus irregularis elongation factor 1 
alpha (RiEF) as reference gene. Expression levels were represented as 2^(-△Ct). 
Error bars indicate standard error in 3 biological replicates.
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Abstract

Arbuscular mycorrhizal fungi form the most wide-spread endosymbiosis 
with plants. There is very little host-specificity in this interaction, 
however host preferences as well as varying symbiotic efficiencies have 
been observed. We hypothesize that secreted proteins (SPs) may act 
as fungal effectors to control symbiotic efficiency in a host-dependent 
manner. Therefore, we studied whether AM fungi adjust their secretome 
in a host- and stage-dependent manner to contribute to their extremely 
wide host-range. We investigated the expression of SP-encoding genes 
of Rhizophagus irregularis in three evolutionary distantly-related 
plant species, Medicago truncatula, Nicotiana benthamiana and Allium 
schoenoprasum. In addition we used laser microdissection in combination 
with RNAseq to study SP expression at different stages of the interaction 
in Medicago. Our data indicate that most expressed SPs show roughly 
equal expression levels in the interaction with all three host plants. In 
addition, a subset shows significant differential expression depending on 
the host plant. Furthermore, SP expression is controlled locally in the 
hyphal network in response to host dependent cues. Overall, this study 
presents a comprehensive analysis of the R. irregularis secretome, which 
now offers a solid basis to direct functional studies on the role of fungal 
SPs in AM symbiosis.

Introduction

The vast majority of all land plants establish an endosymbiosis with 
arbuscular mycorrhizal (AM) fungi belonging to the fungal subphylum 
Glomeromycotina (Spatafora et al., 2016). This endosymbiosis, which 
originated ~450 million years ago, provides a number of benefits to plants 
such as improved uptake of scarce nutrients (especially P and N) and water 
from the soil, and protection against various biotic and abiotic stresses 
(Smith and Read, 2008). Individual AM fungi can colonize a large number 
of host plants, which indicates that (in general terms) there is a lack of 
host-specificity, although host preferences have been reported (Helgason 
et al., 1998; Vandenkoornhuyse et al., 2003; Torrecillas et al., 2012; 
van der Heijden et al., 2015). AM fungi establish extensive below ground 
networks interconnecting different plant species and most plant roots are 
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germinating spores suggesting that AM fungi perceive strigolactones also 
within the root tissue. 

We hypothesize that several SPs that are induced in planta (ARB and 
IRM) are translocated to exert their function inside the host cells. Prime 
candidates to be translocated to host cells, are SPs that contain potential 
nuclear localization signals, as reported for SP7 (Kloppholz et al., 2011). 

IRM

IRM

ARB

IRM

IRM

ARB

ARB

IRM ERM

466

120

1 661

52

310 ERM

12 52 2

66 ERM-dependent SPs

GS

(b) (c)

(a)

Figure 5. Laser microdissection combined with RNAseq to study stage-
dependent expression. (a) Arbuscules (ARB) and intraradical mycelium (IRM) 
were collected by laser microdissection. Scales 100 µm. 14 µM-thick section of a 
mycorrhized Medicago root before and after laser dissection are shown. Regions 
selected for microdissection are indicated. (b) Stage-dependent secretome of 
Rhizophagus irregularis. 310 expressed SPs were grouped into arbuscule (ARB), 
intraradical mycelium (IRM) or extraradical mycelium (ERM) using the following 
criteria: FDR p<0.05 and fold change>4. (c) 12 out of 66 SPs showing ERM-enriched 
expression shown in (a) are significantly higher expressed (FDR p value<0.05, fold 
change>4) in ERM compared to germinating spores (GS); 2 ERM-enriched SPs 
show higher expression in germinating spores.
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Therefore, we screened for potential nuclear localization using the 
Localizer 1.0 software (Sperschneider et al., 2017) which is trained to 
predict the subcellular localization of effector proteins. This resulted in 
86 expressed SPs with a predicted nuclear localization (Table S2). Of 
these, 10 are specifically expressed in arbuscules and 16 are enriched 
in both arbuscules and intraradical mycelium. We selected several of the 
predicted nuclear-targeted SPs that are highly expressed in planta, and 
transiently expressed fluorescently-tagged versions (either mCherry or 
GFP) in Nicotiana leaves. Confocal imaging of the transiently expressed 
tagged SPs confirms the nuclear localization of RirG128600, RirG238820, 
RirG245330, RirG167520. Of these RirG128600, RirG238220 and 
RirG167520 are targeted to the nucleolus as well as subnuclear bodies 
(Fig. S3). Although not confirmed by western blot analyses this is 
a first indication that the selected SPs may indeed be targeted to the 
nucleus.  Four effectors that were not predicted to be nuclear, showed 
mostly cytoplasmic labelling (Fig. S3). However, it should be noted that 
translocation of nuclear targeted SPs from the fungus to the host cell 
remains to be demonstrated.”

Of the 42 SPs that are expressed in a host-dependent manner 29 genes 
showed expression in the LMD data (Table 1). The majority of these (16 
SPs, 55%) show specific/enriched expression inside the root, with most 
(11 SPs) showing specific expression in arbuscules. 3 genes showed 
to be more strongly expressed in extraradical mycelium, suggesting 
that they likely act at the epidermis (at least in Medicago) or control 
fungal development outside of the root. 13 of the host-dependent SPs 
did not show expression in the three examined developmental stages 
from Medicago roots. Six of these were shown to be more prominent 
in Medicago compared with the other two host plants. It might be that 
these SPs are expressed very transiently, for example only at the onset 
of arbuscule formation, or at a specific developmental stage that was not 
included in our stage-specific analyses (such as hyphopodium formation).

Mapping of the RNAseq reads to the reference genome allowed us to 
rank the expression level of different SPs based on normalized read 
counts (TPM). Among some of the highest expressed SPs inside all three 
host plants, are RirG245330 and RirG172350 (ARB and IRM enriched; 
nuclear localization), jgi.p|Gloin1|348911 (LysM effector; ARB and IRM), 
RirG051530 (ARB enriched); RirG238820 (ARB enriched; nucle(ol)ar 
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colonized by multiple AM fungi. This extremely broad host-range implies 
that AM fungi must have highly efficient mechanisms to intracellularly 
colonize so many plants. Despite the absence of clear host-specificity, 
it has become clear that there can be substantial functional diversity in 
the benefits provided by AM fungi, which depends on both plant host 
and fungal genotype in combination with environmental conditions (Lee 
et al., 2006; Gosling et al., 2016; van der Heijden et al., 2015; Koch 
et al., 2017; Sawers et al., 2017). Such functional diversity has been 
observed between different AM fungal species as well as within species or 
even within fungal individuals (Sanders, 2010). However, the molecular 
basis for the observed differences in symbiotic efficiency in plant-fungus 
combinations is still largely unknown. Recently, it has become clear that 
AM fungi secrete effector proteins that manipulate functions (Kloppholz 
et al., 2011; Tsuzuki et al., 2016) in the host and we hypothesize that 
they may be key factors to control symbiotic efficiency and/or host range. 
Therefore, more insight is required in the expression profile of potential 
effector encoding genes during the interaction with different host plants.

To establish a functional AM symbiosis continuous signal exchange 
between both partners is needed. This dialogue starts when fungal 
spores/hypha perceive plant signals such as flavonoids, hydroxy fatty 
acids and strigolactones which stimulate germination, hyphal growth and 
branching or hyphopodium formation (Nadal and Paszkowski, 2013). In 
turn the fungus produces signal molecules to facilitate its entry into the 
root. The best studied fungal signals are lipo-chitooligosaccharides and 
short chitooligosaccharides (Maillet et al., 2011; Genre et al., 2013). 
These essential signals are perceived by LysM-domain receptor kinase 
complexes which activate a highly conserved signaling cascade, also 
called the common symbiotic signaling pathway (Gutjahr and Parniske, 
2013; Oldroyd, 2013; Zipfel and Oldroyd, 2017). 

In addition to the chitin-derived signal molecules, AM fungi also secrete 
an array of (small) proteins that may act as effector proteins. Effector 
proteins are extensively studied in the field of phytopathology, where 
pathogenic fungi or oomycetes as well as bacteria use effector proteins 
to manipulate host cells to facilitate successful infection; changing 
plant structure, suppressing innate immune responses or altering 
host metabolism. Such effectors can act in the apoplast or they are 
translocated to the host cells to exert their function in particular subcellular 
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germinating spores suggesting that AM fungi perceive strigolactones also 
within the root tissue. 

We hypothesize that several SPs that are induced in planta (ARB and 
IRM) are translocated to exert their function inside the host cells. Prime 
candidates to be translocated to host cells, are SPs that contain potential 
nuclear localization signals, as reported for SP7 (Kloppholz et al., 2011). 
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Figure 5. Laser microdissection combined with RNAseq to study stage-
dependent expression. (a) Arbuscules (ARB) and intraradical mycelium (IRM) 
were collected by laser microdissection. Scales 100 µm. 14 µM-thick section of a 
mycorrhized Medicago root before and after laser dissection are shown. Regions 
selected for microdissection are indicated. (b) Stage-dependent secretome of 
Rhizophagus irregularis. 310 expressed SPs were grouped into arbuscule (ARB), 
intraradical mycelium (IRM) or extraradical mycelium (ERM) using the following 
criteria: FDR p<0.05 and fold change>4. (c) 12 out of 66 SPs showing ERM-enriched 
expression shown in (a) are significantly higher expressed (FDR p value<0.05, fold 
change>4) in ERM compared to germinating spores (GS); 2 ERM-enriched SPs 
show higher expression in germinating spores.
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Therefore, we screened for potential nuclear localization using the 
Localizer 1.0 software (Sperschneider et al., 2017) which is trained to 
predict the subcellular localization of effector proteins. This resulted in 
86 expressed SPs with a predicted nuclear localization (Table S2). Of 
these, 10 are specifically expressed in arbuscules and 16 are enriched 
in both arbuscules and intraradical mycelium. We selected several of the 
predicted nuclear-targeted SPs that are highly expressed in planta, and 
transiently expressed fluorescently-tagged versions (either mCherry or 
GFP) in Nicotiana leaves. Confocal imaging of the transiently expressed 
tagged SPs confirms the nuclear localization of RirG128600, RirG238820, 
RirG245330, RirG167520. Of these RirG128600, RirG238220 and 
RirG167520 are targeted to the nucleolus as well as subnuclear bodies 
(Fig. S3). Although not confirmed by western blot analyses this is 
a first indication that the selected SPs may indeed be targeted to the 
nucleus.  Four effectors that were not predicted to be nuclear, showed 
mostly cytoplasmic labelling (Fig. S3). However, it should be noted that 
translocation of nuclear targeted SPs from the fungus to the host cell 
remains to be demonstrated.”

Of the 42 SPs that are expressed in a host-dependent manner 29 genes 
showed expression in the LMD data (Table 1). The majority of these (16 
SPs, 55%) show specific/enriched expression inside the root, with most 
(11 SPs) showing specific expression in arbuscules. 3 genes showed 
to be more strongly expressed in extraradical mycelium, suggesting 
that they likely act at the epidermis (at least in Medicago) or control 
fungal development outside of the root. 13 of the host-dependent SPs 
did not show expression in the three examined developmental stages 
from Medicago roots. Six of these were shown to be more prominent 
in Medicago compared with the other two host plants. It might be that 
these SPs are expressed very transiently, for example only at the onset 
of arbuscule formation, or at a specific developmental stage that was not 
included in our stage-specific analyses (such as hyphopodium formation).

Mapping of the RNAseq reads to the reference genome allowed us to 
rank the expression level of different SPs based on normalized read 
counts (TPM). Among some of the highest expressed SPs inside all three 
host plants, are RirG245330 and RirG172350 (ARB and IRM enriched; 
nuclear localization), jgi.p|Gloin1|348911 (LysM effector; ARB and IRM), 
RirG051530 (ARB enriched); RirG238820 (ARB enriched; nucle(ol)ar 
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Abstract

Arbuscular mycorrhizal fungi form the most wide-spread endosymbiosis 
with plants. There is very little host-specificity in this interaction, 
however host preferences as well as varying symbiotic efficiencies have 
been observed. We hypothesize that secreted proteins (SPs) may act 
as fungal effectors to control symbiotic efficiency in a host-dependent 
manner. Therefore, we studied whether AM fungi adjust their secretome 
in a host- and stage-dependent manner to contribute to their extremely 
wide host-range. We investigated the expression of SP-encoding genes 
of Rhizophagus irregularis in three evolutionary distantly-related 
plant species, Medicago truncatula, Nicotiana benthamiana and Allium 
schoenoprasum. In addition we used laser microdissection in combination 
with RNAseq to study SP expression at different stages of the interaction 
in Medicago. Our data indicate that most expressed SPs show roughly 
equal expression levels in the interaction with all three host plants. In 
addition, a subset shows significant differential expression depending on 
the host plant. Furthermore, SP expression is controlled locally in the 
hyphal network in response to host dependent cues. Overall, this study 
presents a comprehensive analysis of the R. irregularis secretome, which 
now offers a solid basis to direct functional studies on the role of fungal 
SPs in AM symbiosis.

Introduction

The vast majority of all land plants establish an endosymbiosis with 
arbuscular mycorrhizal (AM) fungi belonging to the fungal subphylum 
Glomeromycotina (Spatafora et al., 2016). This endosymbiosis, which 
originated ~450 million years ago, provides a number of benefits to plants 
such as improved uptake of scarce nutrients (especially P and N) and water 
from the soil, and protection against various biotic and abiotic stresses 
(Smith and Read, 2008). Individual AM fungi can colonize a large number 
of host plants, which indicates that (in general terms) there is a lack of 
host-specificity, although host preferences have been reported (Helgason 
et al., 1998; Vandenkoornhuyse et al., 2003; Torrecillas et al., 2012; 
van der Heijden et al., 2015). AM fungi establish extensive below ground 
networks interconnecting different plant species and most plant roots are 
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localization); RirG182400 (ARB enriched; predicted nuclear), RirG167760 
(ARB), RirG245610 (ARB), jgi.p|Gloin1|21945 (ARB), RirG234010 (ARB 
and IRM) and RirG196860 (ARB and IRM) (Table S4 and S6). Most of 
these SPs are specifically expressed in arbuscules, or in both arbuscules 
and IRM, and do not have any predicted function. 

Discussion

Here we report a comprehensive and detailed analysis of the expressed 
SP repertoire of R. irregularis during the interaction with three distantly 
related host species and during different stages of the interaction. The 
vast majority (~86%) of the expressed SPs show equal expression levels 
in all three host plants, suggesting that they have conserved roles. 
In addition, a subset (~14%) of the SPs show differential expression 
depending on the host plant. This host-dependent expression is controlled 
locally in the hyphal network in response to host dependent cues. Such 
host dependent cues may be specific signals or metabolites of the plant, 
constitute physical properties of the root system or reflect differences in 
nutrient conditions that affect fungal development. These results support 
our hypothesis that AM SPs may act as effectors to control symbiotic 
efficiency in a host-dependent manner and contribute to the host 
preferences observed in nature.

The availability of AM transcriptome and genomic sequences has greatly 
facilitated the prediction of putative effectors using bioinformatics 
pipelines. However, different genome as well as de novo transcriptome 
assemblies have led to different gene models and predictions (Tisserant 
et al., 2013; Lin et al., 2014a). We identified a set of 338 expressed SPs  
that are well supported by the available RNAseq data. This set of SPs varies 
somewhat from the SPs/effector repertoires predicted in recent works by 
Sędzielewska Toro and Brachmann (2016) and Kamel et al. (2017b). Most 
striking was the large difference in number of predicted SPs based on the 
DAOM197198w assembly (Lin et al., 2014a; 550 SPs) and that of the 
recent paper by Kamel et al. (2017b; 872 SPs). Upon closer examination, 
both data sets predict only 180 SPs in common. 338 SPs  predicted by 
Kamel (2017) and present within the DAOM197198w genome assembly 
were not considered as SPs in our analyses. Furthermore, 354 predicted 
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SPs were not found in the DAOM197198w assembly,  the majority of 
which were not classified as expressed SPs based on our criteria. On 
the other hand we predict 370 SPs that are not considered by Kamel 
et al. (2017b). These discrepancies are mainly caused by differences 
in the predicted gene models from both genome assemblies. Therefore, 
we only considered SPs reliable if the underlying gene models were 
supported by sufficient RNAseq reads. We only included expressed SPs 
with a minimal read count of 100 for the combined replicates. Although 
this may be somewhat on the conservative site, it does allow a reliable 
verification of the underlying gene models. For the gene models that are 
not covered by sufficient reads, the underlying gene model could not be 
convincingly verified. Such predicted SPs might be only expressed under 
specific conditions or at very low levels, represent pseudogenes or could 
be wrongfully annotated due to imperfect genome assemblies. Based on 
these criteria, only 10 genes predicted by Kamel et al. (2017b), lacking 
in the DAOM197198w assembly (Lin et al., 2014a) were considered 
to encode expressed SPs (Table S1). Similarly, from the 220 putative 
effectors predicted by Sędzielewska Toro and Brachmann (2016), we 
could only confirm 43 SPs supported by our RNAseq analyses. For the 78 
host-induced SPs identified by Tisserant et al. (2013) we could confirm 
most (62) in our RNA-seq analysis. The larger overlap between our 
expressed SP set and Tisserant et al. (2013) is likely due to fact that both 
studies focus on  expressed SPs in the interaction with Medicago roots. 
Overall, we consider our expressed SP list (Table S2) as a reliable and 
comprehensive set of potential effector encoding genes.

Not all secreted proteins are necessarily effector proteins. AM fungi are 
known for their strong ability to take up inorganic phosphate (Pi) in Pi-
depleted soil. One important mechanism contributing to this ability  is the 
secretion of acid phosphatases by ERM which can free phosphoryl group 
from organic phosphate that is otherwise not readily available to most 
plants (Sato et al., 2015). In line with Sato et al (2015), we found 2 SPs 
encoding for acid phosphatases (RirG239030 and RirG190440) that are 
expressed especially in the ERM. Therefore, these SPs might be of key 
importance for phosphate utilization in natural soils, which can consist for 
up to 80% of organic phosphate (Dalal, 1977). 

In general fungal effectors do not share significant sequence homology 
to predict their function (Selin et al., 2016). Therefore, additional criteria 
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colonized by multiple AM fungi. This extremely broad host-range implies 
that AM fungi must have highly efficient mechanisms to intracellularly 
colonize so many plants. Despite the absence of clear host-specificity, 
it has become clear that there can be substantial functional diversity in 
the benefits provided by AM fungi, which depends on both plant host 
and fungal genotype in combination with environmental conditions (Lee 
et al., 2006; Gosling et al., 2016; van der Heijden et al., 2015; Koch 
et al., 2017; Sawers et al., 2017). Such functional diversity has been 
observed between different AM fungal species as well as within species or 
even within fungal individuals (Sanders, 2010). However, the molecular 
basis for the observed differences in symbiotic efficiency in plant-fungus 
combinations is still largely unknown. Recently, it has become clear that 
AM fungi secrete effector proteins that manipulate functions (Kloppholz 
et al., 2011; Tsuzuki et al., 2016) in the host and we hypothesize that 
they may be key factors to control symbiotic efficiency and/or host range. 
Therefore, more insight is required in the expression profile of potential 
effector encoding genes during the interaction with different host plants.

To establish a functional AM symbiosis continuous signal exchange 
between both partners is needed. This dialogue starts when fungal 
spores/hypha perceive plant signals such as flavonoids, hydroxy fatty 
acids and strigolactones which stimulate germination, hyphal growth and 
branching or hyphopodium formation (Nadal and Paszkowski, 2013). In 
turn the fungus produces signal molecules to facilitate its entry into the 
root. The best studied fungal signals are lipo-chitooligosaccharides and 
short chitooligosaccharides (Maillet et al., 2011; Genre et al., 2013). 
These essential signals are perceived by LysM-domain receptor kinase 
complexes which activate a highly conserved signaling cascade, also 
called the common symbiotic signaling pathway (Gutjahr and Parniske, 
2013; Oldroyd, 2013; Zipfel and Oldroyd, 2017). 

In addition to the chitin-derived signal molecules, AM fungi also secrete 
an array of (small) proteins that may act as effector proteins. Effector 
proteins are extensively studied in the field of phytopathology, where 
pathogenic fungi or oomycetes as well as bacteria use effector proteins 
to manipulate host cells to facilitate successful infection; changing 
plant structure, suppressing innate immune responses or altering 
host metabolism. Such effectors can act in the apoplast or they are 
translocated to the host cells to exert their function in particular subcellular 
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localization); RirG182400 (ARB enriched; predicted nuclear), RirG167760 
(ARB), RirG245610 (ARB), jgi.p|Gloin1|21945 (ARB), RirG234010 (ARB 
and IRM) and RirG196860 (ARB and IRM) (Table S4 and S6). Most of 
these SPs are specifically expressed in arbuscules, or in both arbuscules 
and IRM, and do not have any predicted function. 

Discussion

Here we report a comprehensive and detailed analysis of the expressed 
SP repertoire of R. irregularis during the interaction with three distantly 
related host species and during different stages of the interaction. The 
vast majority (~86%) of the expressed SPs show equal expression levels 
in all three host plants, suggesting that they have conserved roles. 
In addition, a subset (~14%) of the SPs show differential expression 
depending on the host plant. This host-dependent expression is controlled 
locally in the hyphal network in response to host dependent cues. Such 
host dependent cues may be specific signals or metabolites of the plant, 
constitute physical properties of the root system or reflect differences in 
nutrient conditions that affect fungal development. These results support 
our hypothesis that AM SPs may act as effectors to control symbiotic 
efficiency in a host-dependent manner and contribute to the host 
preferences observed in nature.

The availability of AM transcriptome and genomic sequences has greatly 
facilitated the prediction of putative effectors using bioinformatics 
pipelines. However, different genome as well as de novo transcriptome 
assemblies have led to different gene models and predictions (Tisserant 
et al., 2013; Lin et al., 2014a). We identified a set of 338 expressed SPs  
that are well supported by the available RNAseq data. This set of SPs varies 
somewhat from the SPs/effector repertoires predicted in recent works by 
Sędzielewska Toro and Brachmann (2016) and Kamel et al. (2017b). Most 
striking was the large difference in number of predicted SPs based on the 
DAOM197198w assembly (Lin et al., 2014a; 550 SPs) and that of the 
recent paper by Kamel et al. (2017b; 872 SPs). Upon closer examination, 
both data sets predict only 180 SPs in common. 338 SPs  predicted by 
Kamel (2017) and present within the DAOM197198w genome assembly 
were not considered as SPs in our analyses. Furthermore, 354 predicted 
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SPs were not found in the DAOM197198w assembly,  the majority of 
which were not classified as expressed SPs based on our criteria. On 
the other hand we predict 370 SPs that are not considered by Kamel 
et al. (2017b). These discrepancies are mainly caused by differences 
in the predicted gene models from both genome assemblies. Therefore, 
we only considered SPs reliable if the underlying gene models were 
supported by sufficient RNAseq reads. We only included expressed SPs 
with a minimal read count of 100 for the combined replicates. Although 
this may be somewhat on the conservative site, it does allow a reliable 
verification of the underlying gene models. For the gene models that are 
not covered by sufficient reads, the underlying gene model could not be 
convincingly verified. Such predicted SPs might be only expressed under 
specific conditions or at very low levels, represent pseudogenes or could 
be wrongfully annotated due to imperfect genome assemblies. Based on 
these criteria, only 10 genes predicted by Kamel et al. (2017b), lacking 
in the DAOM197198w assembly (Lin et al., 2014a) were considered 
to encode expressed SPs (Table S1). Similarly, from the 220 putative 
effectors predicted by Sędzielewska Toro and Brachmann (2016), we 
could only confirm 43 SPs supported by our RNAseq analyses. For the 78 
host-induced SPs identified by Tisserant et al. (2013) we could confirm 
most (62) in our RNA-seq analysis. The larger overlap between our 
expressed SP set and Tisserant et al. (2013) is likely due to fact that both 
studies focus on  expressed SPs in the interaction with Medicago roots. 
Overall, we consider our expressed SP list (Table S2) as a reliable and 
comprehensive set of potential effector encoding genes.

Not all secreted proteins are necessarily effector proteins. AM fungi are 
known for their strong ability to take up inorganic phosphate (Pi) in Pi-
depleted soil. One important mechanism contributing to this ability  is the 
secretion of acid phosphatases by ERM which can free phosphoryl group 
from organic phosphate that is otherwise not readily available to most 
plants (Sato et al., 2015). In line with Sato et al (2015), we found 2 SPs 
encoding for acid phosphatases (RirG239030 and RirG190440) that are 
expressed especially in the ERM. Therefore, these SPs might be of key 
importance for phosphate utilization in natural soils, which can consist for 
up to 80% of organic phosphate (Dalal, 1977). 

In general fungal effectors do not share significant sequence homology 
to predict their function (Selin et al., 2016). Therefore, additional criteria 
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Abstract

Arbuscular mycorrhizal fungi form the most wide-spread endosymbiosis 
with plants. There is very little host-specificity in this interaction, 
however host preferences as well as varying symbiotic efficiencies have 
been observed. We hypothesize that secreted proteins (SPs) may act 
as fungal effectors to control symbiotic efficiency in a host-dependent 
manner. Therefore, we studied whether AM fungi adjust their secretome 
in a host- and stage-dependent manner to contribute to their extremely 
wide host-range. We investigated the expression of SP-encoding genes 
of Rhizophagus irregularis in three evolutionary distantly-related 
plant species, Medicago truncatula, Nicotiana benthamiana and Allium 
schoenoprasum. In addition we used laser microdissection in combination 
with RNAseq to study SP expression at different stages of the interaction 
in Medicago. Our data indicate that most expressed SPs show roughly 
equal expression levels in the interaction with all three host plants. In 
addition, a subset shows significant differential expression depending on 
the host plant. Furthermore, SP expression is controlled locally in the 
hyphal network in response to host dependent cues. Overall, this study 
presents a comprehensive analysis of the R. irregularis secretome, which 
now offers a solid basis to direct functional studies on the role of fungal 
SPs in AM symbiosis.

Introduction

The vast majority of all land plants establish an endosymbiosis with 
arbuscular mycorrhizal (AM) fungi belonging to the fungal subphylum 
Glomeromycotina (Spatafora et al., 2016). This endosymbiosis, which 
originated ~450 million years ago, provides a number of benefits to plants 
such as improved uptake of scarce nutrients (especially P and N) and water 
from the soil, and protection against various biotic and abiotic stresses 
(Smith and Read, 2008). Individual AM fungi can colonize a large number 
of host plants, which indicates that (in general terms) there is a lack of 
host-specificity, although host preferences have been reported (Helgason 
et al., 1998; Vandenkoornhuyse et al., 2003; Torrecillas et al., 2012; 
van der Heijden et al., 2015). AM fungi establish extensive below ground 
networks interconnecting different plant species and most plant roots are 
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are often used to predict effectors, such as genes that are induced in 
planta. We identified 109 SPs that show specific induction inside the 
host plant root, of which 52 appear to be most specifically expressed 
at the arbuscule stage. These can be considered as key candidates to 
act as AM effectors inside the root. In support of this, most of the host-
dependent SPs also appear to be specifically expressed at the arbuscule 
stage or inside the plant root. Although most SPs do not show significant 
homology to known proteins/domains, several of the host-dependent SPs 
suggest potential roles in lipid-related signaling or show homology to 
endopeptidases.

Surprisingly, we did not detect strong expression of SP7, the first 
characterized AM effector, in any of our tested stages compared with 
whole root samples. SP7 was shown to bind the pathogenesis-related 
transcription factor ERF19 to suppress plant immune response and to 
facilitate root colonization (Kloppholz et al., 2011). Previous research 
indicated that SP7 was prominently expressed in ERM and induced by 
root exudates (Kamel et al., 2017b) and increased in expression as 
colonization of the root increased (Kloppholz et al., 2011). Therefore, we 
hypothesize that SP7 may only be highly expressed in hyphae that are 
close to the root or at the hyphopodium stage. To test this hypothesis, we 
collected ERM from pots containing mycorrhizaed Medicago plants, which 
we carefully separated into “rhizosphere” ERM close to the root and “soil” 
ERM relative far away from the root. qPCR analysis showed ~8 fold higher 
SP7 expression in rhizosphere ERM compared with soil ERM (Fig. S4). 
This suggests that SP7 likely acts at the root epidermis. However, once 
the fungus has entered the plant SP7 expression is nearly switched off. 

Since AM fungi have chitin and β-glucans in their cell wall, which are 
general elicitors of immune responses in plants, there must also be 
efficient mechanisms to prevent the induction of host defence when 
the fungus grows inter- or intracellularly inside the root (García-Garrido 
and Ocampo, 2002). Therefore, mechanisms different from those in 
the epidermis must be active to evade the immune program when the 
fungus is inside the root. This likely involves different effector proteins. 
One of such effectors may be encoded by RirG245330, which shows a 
domain structure (nuclear localization and repeat domains) analogous 
to SP7 (Lin et al., 2014a) and which is among the most highly in planta 
expressed SPs. Also the homology of RirG091260 to the β-glucan binding 
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effector from P. indica (Wawra et al., 2016) may suggest a role in (host-
dependent) modulation of immune responses.

We noticed that, all 5 SPs encoding chitin deacetylases (RirG030430, 
RirG088250, RirG159740, RirG174960, RirG242520) that are expressed 
in the ERM are down-regulated/switched off upon root colonization. 
Deacetylation of chitin, turning chitin into chitosan, has been linked 
to the deactivation of fungal chitin oligomers to prevent detection by 
the plant immune system (El Gueddari et al., 2002; Cord-Landwehr 
et al., 2016). Therefore, it seems counter-intuitive that R. irregularis 
down-regulates these enzymes upon colonization of the plant root. It 
may be related to the fact that AM fungi produce short chain chito-
oligosaccharides (COs) and lipochito-oligosaccharides (myc-LCOs) to 
activate a symbiotic signaling pathway essential for root colonization 
(Maillet et al., 2011; Genre et al., 2013; Gough and Cullimore, 2011). 
Downregulation of the deacetylases may be required to prevent the 
inactivation of the biological activity of symbiotic CO/LCOs  (Staehelin 
et al., 2000). A second mechanism that pathogenic fungi use to prevent 
chitin from being recognized by the plant immune system is the use of 
LysM effectors, such as ECP6 from Cladosporium fulvum, that sequester 
chitin oligosaccharides released from the cell walls of invading hyphae 
(de Jonge et al., 2010). Interestingly, the most highly expressed SP 
inside the root contains a single LysM domain (jgi.p|Gloin1|348911) and 
is induced by the strigolactone analog GR24 (Table S6) (Tsuzuki et al., 
2016). We are currently studying whether this LysM effector binds chitin  
and whether it can compete with immune receptors to prevent activation 
of an immune response or protect hyphae from plant chitinases. Since 
COs and LCOs also function as symbiotic signals it may even be that the 
LysM effector dampen or fine-tune symbiotic signaling, depending on its 
affinity for different chitin-like molecules.  

An additional, often-used criterium to predict effector function is the 
presence of a nuclear localization signal, which indicates the possible 
translocation of effectors into the host plant cells (Sperschneider et al., 
2017). Therefore, the 26 effectors that are specifically induced in planta 
and which we predicted to be targeted to the plant nucleus may be key 
candidate effectors that exert their function inside plant cells.

The next challenge will be to functionally study the role of such candidate 
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colonized by multiple AM fungi. This extremely broad host-range implies 
that AM fungi must have highly efficient mechanisms to intracellularly 
colonize so many plants. Despite the absence of clear host-specificity, 
it has become clear that there can be substantial functional diversity in 
the benefits provided by AM fungi, which depends on both plant host 
and fungal genotype in combination with environmental conditions (Lee 
et al., 2006; Gosling et al., 2016; van der Heijden et al., 2015; Koch 
et al., 2017; Sawers et al., 2017). Such functional diversity has been 
observed between different AM fungal species as well as within species or 
even within fungal individuals (Sanders, 2010). However, the molecular 
basis for the observed differences in symbiotic efficiency in plant-fungus 
combinations is still largely unknown. Recently, it has become clear that 
AM fungi secrete effector proteins that manipulate functions (Kloppholz 
et al., 2011; Tsuzuki et al., 2016) in the host and we hypothesize that 
they may be key factors to control symbiotic efficiency and/or host range. 
Therefore, more insight is required in the expression profile of potential 
effector encoding genes during the interaction with different host plants.

To establish a functional AM symbiosis continuous signal exchange 
between both partners is needed. This dialogue starts when fungal 
spores/hypha perceive plant signals such as flavonoids, hydroxy fatty 
acids and strigolactones which stimulate germination, hyphal growth and 
branching or hyphopodium formation (Nadal and Paszkowski, 2013). In 
turn the fungus produces signal molecules to facilitate its entry into the 
root. The best studied fungal signals are lipo-chitooligosaccharides and 
short chitooligosaccharides (Maillet et al., 2011; Genre et al., 2013). 
These essential signals are perceived by LysM-domain receptor kinase 
complexes which activate a highly conserved signaling cascade, also 
called the common symbiotic signaling pathway (Gutjahr and Parniske, 
2013; Oldroyd, 2013; Zipfel and Oldroyd, 2017). 

In addition to the chitin-derived signal molecules, AM fungi also secrete 
an array of (small) proteins that may act as effector proteins. Effector 
proteins are extensively studied in the field of phytopathology, where 
pathogenic fungi or oomycetes as well as bacteria use effector proteins 
to manipulate host cells to facilitate successful infection; changing 
plant structure, suppressing innate immune responses or altering 
host metabolism. Such effectors can act in the apoplast or they are 
translocated to the host cells to exert their function in particular subcellular 
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are often used to predict effectors, such as genes that are induced in 
planta. We identified 109 SPs that show specific induction inside the 
host plant root, of which 52 appear to be most specifically expressed 
at the arbuscule stage. These can be considered as key candidates to 
act as AM effectors inside the root. In support of this, most of the host-
dependent SPs also appear to be specifically expressed at the arbuscule 
stage or inside the plant root. Although most SPs do not show significant 
homology to known proteins/domains, several of the host-dependent SPs 
suggest potential roles in lipid-related signaling or show homology to 
endopeptidases.

Surprisingly, we did not detect strong expression of SP7, the first 
characterized AM effector, in any of our tested stages compared with 
whole root samples. SP7 was shown to bind the pathogenesis-related 
transcription factor ERF19 to suppress plant immune response and to 
facilitate root colonization (Kloppholz et al., 2011). Previous research 
indicated that SP7 was prominently expressed in ERM and induced by 
root exudates (Kamel et al., 2017b) and increased in expression as 
colonization of the root increased (Kloppholz et al., 2011). Therefore, we 
hypothesize that SP7 may only be highly expressed in hyphae that are 
close to the root or at the hyphopodium stage. To test this hypothesis, we 
collected ERM from pots containing mycorrhizaed Medicago plants, which 
we carefully separated into “rhizosphere” ERM close to the root and “soil” 
ERM relative far away from the root. qPCR analysis showed ~8 fold higher 
SP7 expression in rhizosphere ERM compared with soil ERM (Fig. S4). 
This suggests that SP7 likely acts at the root epidermis. However, once 
the fungus has entered the plant SP7 expression is nearly switched off. 

Since AM fungi have chitin and β-glucans in their cell wall, which are 
general elicitors of immune responses in plants, there must also be 
efficient mechanisms to prevent the induction of host defence when 
the fungus grows inter- or intracellularly inside the root (García-Garrido 
and Ocampo, 2002). Therefore, mechanisms different from those in 
the epidermis must be active to evade the immune program when the 
fungus is inside the root. This likely involves different effector proteins. 
One of such effectors may be encoded by RirG245330, which shows a 
domain structure (nuclear localization and repeat domains) analogous 
to SP7 (Lin et al., 2014a) and which is among the most highly in planta 
expressed SPs. Also the homology of RirG091260 to the β-glucan binding 
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effector from P. indica (Wawra et al., 2016) may suggest a role in (host-
dependent) modulation of immune responses.

We noticed that, all 5 SPs encoding chitin deacetylases (RirG030430, 
RirG088250, RirG159740, RirG174960, RirG242520) that are expressed 
in the ERM are down-regulated/switched off upon root colonization. 
Deacetylation of chitin, turning chitin into chitosan, has been linked 
to the deactivation of fungal chitin oligomers to prevent detection by 
the plant immune system (El Gueddari et al., 2002; Cord-Landwehr 
et al., 2016). Therefore, it seems counter-intuitive that R. irregularis 
down-regulates these enzymes upon colonization of the plant root. It 
may be related to the fact that AM fungi produce short chain chito-
oligosaccharides (COs) and lipochito-oligosaccharides (myc-LCOs) to 
activate a symbiotic signaling pathway essential for root colonization 
(Maillet et al., 2011; Genre et al., 2013; Gough and Cullimore, 2011). 
Downregulation of the deacetylases may be required to prevent the 
inactivation of the biological activity of symbiotic CO/LCOs  (Staehelin 
et al., 2000). A second mechanism that pathogenic fungi use to prevent 
chitin from being recognized by the plant immune system is the use of 
LysM effectors, such as ECP6 from Cladosporium fulvum, that sequester 
chitin oligosaccharides released from the cell walls of invading hyphae 
(de Jonge et al., 2010). Interestingly, the most highly expressed SP 
inside the root contains a single LysM domain (jgi.p|Gloin1|348911) and 
is induced by the strigolactone analog GR24 (Table S6) (Tsuzuki et al., 
2016). We are currently studying whether this LysM effector binds chitin  
and whether it can compete with immune receptors to prevent activation 
of an immune response or protect hyphae from plant chitinases. Since 
COs and LCOs also function as symbiotic signals it may even be that the 
LysM effector dampen or fine-tune symbiotic signaling, depending on its 
affinity for different chitin-like molecules.  

An additional, often-used criterium to predict effector function is the 
presence of a nuclear localization signal, which indicates the possible 
translocation of effectors into the host plant cells (Sperschneider et al., 
2017). Therefore, the 26 effectors that are specifically induced in planta 
and which we predicted to be targeted to the plant nucleus may be key 
candidate effectors that exert their function inside plant cells.

The next challenge will be to functionally study the role of such candidate 
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Abstract

Arbuscular mycorrhizal fungi form the most wide-spread endosymbiosis 
with plants. There is very little host-specificity in this interaction, 
however host preferences as well as varying symbiotic efficiencies have 
been observed. We hypothesize that secreted proteins (SPs) may act 
as fungal effectors to control symbiotic efficiency in a host-dependent 
manner. Therefore, we studied whether AM fungi adjust their secretome 
in a host- and stage-dependent manner to contribute to their extremely 
wide host-range. We investigated the expression of SP-encoding genes 
of Rhizophagus irregularis in three evolutionary distantly-related 
plant species, Medicago truncatula, Nicotiana benthamiana and Allium 
schoenoprasum. In addition we used laser microdissection in combination 
with RNAseq to study SP expression at different stages of the interaction 
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effector proteins in symbiosis. Currently there are no suitable protocols 
available to stably transform AM fungi, however, several studies report 
the use of host-induced gene silencing (HIGS) or virus-induced gene 
silencing (VIGS) as approaches to knock-down gene expression in the 
fungus (Kikuchi et al., 2016). HIGS has for example been used to silence 
the putative effector RirG110290, called SIS1, which we show to be most 
strongly expressed in the IRM (as well as arbuscules) in line with its 
predicted role in efficient intraradical colonization (Tsuzuki et al., 2016).
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Figure S1. PCA analyses of RNASeq data. (a) PCA analysis on samples collected 
from different hosts Medicago truncatula (Mt), Nicotiana benthamiana (Nb) and 
Allium schoenoprasum (As). (b) PCA analysis on samples collected from different 
developmental stages of Rhizophagus irregularis. Arbuscule (ARB), intraradical 
mycelium (IRM) and extraradical mycelium (ERM). 
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colonized by multiple AM fungi. This extremely broad host-range implies 
that AM fungi must have highly efficient mechanisms to intracellularly 
colonize so many plants. Despite the absence of clear host-specificity, 
it has become clear that there can be substantial functional diversity in 
the benefits provided by AM fungi, which depends on both plant host 
and fungal genotype in combination with environmental conditions (Lee 
et al., 2006; Gosling et al., 2016; van der Heijden et al., 2015; Koch 
et al., 2017; Sawers et al., 2017). Such functional diversity has been 
observed between different AM fungal species as well as within species or 
even within fungal individuals (Sanders, 2010). However, the molecular 
basis for the observed differences in symbiotic efficiency in plant-fungus 
combinations is still largely unknown. Recently, it has become clear that 
AM fungi secrete effector proteins that manipulate functions (Kloppholz 
et al., 2011; Tsuzuki et al., 2016) in the host and we hypothesize that 
they may be key factors to control symbiotic efficiency and/or host range. 
Therefore, more insight is required in the expression profile of potential 
effector encoding genes during the interaction with different host plants.

To establish a functional AM symbiosis continuous signal exchange 
between both partners is needed. This dialogue starts when fungal 
spores/hypha perceive plant signals such as flavonoids, hydroxy fatty 
acids and strigolactones which stimulate germination, hyphal growth and 
branching or hyphopodium formation (Nadal and Paszkowski, 2013). In 
turn the fungus produces signal molecules to facilitate its entry into the 
root. The best studied fungal signals are lipo-chitooligosaccharides and 
short chitooligosaccharides (Maillet et al., 2011; Genre et al., 2013). 
These essential signals are perceived by LysM-domain receptor kinase 
complexes which activate a highly conserved signaling cascade, also 
called the common symbiotic signaling pathway (Gutjahr and Parniske, 
2013; Oldroyd, 2013; Zipfel and Oldroyd, 2017). 

In addition to the chitin-derived signal molecules, AM fungi also secrete 
an array of (small) proteins that may act as effector proteins. Effector 
proteins are extensively studied in the field of phytopathology, where 
pathogenic fungi or oomycetes as well as bacteria use effector proteins 
to manipulate host cells to facilitate successful infection; changing 
plant structure, suppressing innate immune responses or altering 
host metabolism. Such effectors can act in the apoplast or they are 
translocated to the host cells to exert their function in particular subcellular 
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Abstract

Arbuscular mycorrhizal fungi form the most wide-spread endosymbiosis 
with plants. There is very little host-specificity in this interaction, 
however host preferences as well as varying symbiotic efficiencies have 
been observed. We hypothesize that secreted proteins (SPs) may act 
as fungal effectors to control symbiotic efficiency in a host-dependent 
manner. Therefore, we studied whether AM fungi adjust their secretome 
in a host- and stage-dependent manner to contribute to their extremely 
wide host-range. We investigated the expression of SP-encoding genes 
of Rhizophagus irregularis in three evolutionary distantly-related 
plant species, Medicago truncatula, Nicotiana benthamiana and Allium 
schoenoprasum. In addition we used laser microdissection in combination 
with RNAseq to study SP expression at different stages of the interaction 
in Medicago. Our data indicate that most expressed SPs show roughly 
equal expression levels in the interaction with all three host plants. In 
addition, a subset shows significant differential expression depending on 
the host plant. Furthermore, SP expression is controlled locally in the 
hyphal network in response to host dependent cues. Overall, this study 
presents a comprehensive analysis of the R. irregularis secretome, which 
now offers a solid basis to direct functional studies on the role of fungal 
SPs in AM symbiosis.

Introduction

The vast majority of all land plants establish an endosymbiosis with 
arbuscular mycorrhizal (AM) fungi belonging to the fungal subphylum 
Glomeromycotina (Spatafora et al., 2016). This endosymbiosis, which 
originated ~450 million years ago, provides a number of benefits to plants 
such as improved uptake of scarce nutrients (especially P and N) and water 
from the soil, and protection against various biotic and abiotic stresses 
(Smith and Read, 2008). Individual AM fungi can colonize a large number 
of host plants, which indicates that (in general terms) there is a lack of 
host-specificity, although host preferences have been reported (Helgason 
et al., 1998; Vandenkoornhuyse et al., 2003; Torrecillas et al., 2012; 
van der Heijden et al., 2015). AM fungi establish extensive below ground 
networks interconnecting different plant species and most plant roots are 
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Figure S2. qPCR verification of stage-dependent expression. (a) Expression 
of Medicago truncatula blue copper protein 1(MtBCP1), phosphate transporter 4 
(MtPT4) and Rhizophagus irregularis elongation factor 1 alpha (RiEF) normalized 
using Medicago truncatula elongation factor 1 alpha (MtEF1a) as reference 
gene. (b) Expression of selected SPs in three developmental stages. All genes 
were normalized using Rhizophagus irregularis elongation factor 1 alpha (RiEF). 
Expression values were calculated as 2^(-△Ct). Error bars represent standard error 
in three biological replicates.
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Figure S3. Validation of nuclear targeting of SP predicted by LOCALIZER 
software (Sperschneider et al., 2017). (a) 4 selected SPs predicted to localize 
to the nucleus indeed showed specific signal in the nucleus/nucleolus of Nicotiana 
benthamiana leaves after transient expression of fluorescently tagged fusion-
proteins. (b) 4 selected SPs predicted predicted to be cytosolic indeed localized 
to the cytoplasm. Due to the relatively small size of the SPs the fluorescent fusion-
proteins can also diffuse into the nucleus. Arrows indicate nuclei. Arrow heads 
indicate nucleolus. 
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Abstract
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been observed. We hypothesize that secreted proteins (SPs) may act 
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Figure S4. SP7 expression is higher in rhizosphere extraradical mycelium 
(Rhizo ERM) than soil extraradical mycelium (Soil ERM). SP7 expression 
were normalized using Rhizophagus irregularis elongation factor 1 alpha (RiEF). 
Expression values were calculated as 2^(-△Ct). Four plants from 2 pots were 
used as 1 biological replicate. Error bars represent standard error from 3 biological 
replicates.
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Figure S4. SP7 expression is higher in rhizosphere extraradical mycelium 
(Rhizo ERM) than soil extraradical mycelium (Soil ERM). SP7 expression 
were normalized using Rhizophagus irregularis elongation factor 1 alpha (RiEF). 
Expression values were calculated as 2^(-△Ct). Four plants from 2 pots were 
used as 1 biological replicate. Error bars represent standard error from 3 biological 
replicates.
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Abstract

Arbuscular mycorrhizal (AM) fungi can establish a symbiosis with the vast 
majority of land plants. So far, molecular research into this interaction 
has mostly focused on the identification of (conserved) plant components 
required to establish a successful symbiosis. However, how AM fungi 
respond and adapt to different hosts is still largely unknown. The recent 
availability of a fungal genome sequence together with high genome-
wide transcriptome analyses has started to provide first molecular insight 
into the fungal aspects of this key symbiosis. In Chapter 2 we focused 
on the secretome of the AM fungus Rhizophagus irregularis in three 
evolutionary distantly-related host plants and at different stages of the 
interaction. This showed that the fungus can adjust its secretome in a 
host- and stage-dependent manner. To get more genome-wide insight 
into fungal gene regulation, we here re-analyzed the expression profiles 
and performed Gene Ontology enrichment analyses to identify biological 
processes or functions related to host identity and stage. This identified 
a core set of 846 fungal genes, commonly induced (> 2 fold) by three 
different hosts compared to germinating spores, showing an enrichment in 
genes encoding proteins involved in transmembrane transport, oxidation-
reduction and tetrapyrrole binding and transferase activities. We discuss 
the role of several of these proteins and especially highlight the role of 
predicted transporters at different stages of the interaction. In addition 
to the commonly expressed genes, 412 genes were expressed in a host-
dependent manner. The potential roles of such genes are discussed based 
on the GO-enrichment analyses. Overall, this work highlights the host- 
and stage-dependent regulation of the fungal transcriptome and offers a 
valuable dataset for further research into the fungal aspects of this key 
symbiosis. 

Introduction

Arbuscular mycorrhizal fungi are obligate biotrophic fungi that form a 
symbiotic interaction with the vast majority of all land plants (Smith and 
Read, 2008). The ability of AM fungi to colonize such a wide range of hosts 
suggests that they must have evolved efficient mechanisms to adapt to 
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suggests that they must have evolved efficient mechanisms to adapt to 

63

3

Host- and stage-dependent transcriptome

the local environment of different hosts. They must be able to deal with 
various host immune systems and adjust their metabolism in such a way 
that a mutual beneficial symbiosis is maintained. Although on average 
AM fungi have positive effects on the performance of their host plants, 
numerous studies have reported that the beneficial (growth) effect on the 
plant (referred to as symbiotic efficiency) can vary from mutualistic to 
parasitic depending on both plant and fungal genotypes (Smith and Read, 
2008; Sanders and Croll, 2010; Koch et al., 2017; Watts-Williams et al., 
2019; Mateus et al., 2019). The molecular bases of such differences are 
still completely unknown. In addition to insight into the plant response to 
various AM fungi, it also requires a better understanding of the different 
responses of a single AM fungus to various host plants.

In Chapter 2 we showed that AM fungi respond to different hosts by 
adjusting their secretome. The transcriptome of Rhizophagus irregularis 
DAOM197198 was studied in symbiosis with three evolutionary distantly 
related host species. Furthermore, we showed that they also adjust their 
secretome in a stage-dependent manner. Therefore, laser microdissection 
was used to distinguish several stages of fungal development, including 
arbuscule-containing cells , cortical cells associated with intraradical 
mycelium (growing between cells), extraradical mycelium and germinating 
spores.

To get a better understanding of the transcriptional response of R. 
irregularis to the different hosts and gene regulation at the different 
stages, we performed a broader analysis of the acquired transcriptome 
data described in Chapter 2 using Gene Ontology (GO) enrichment 
analyses. This allowed us to identify potential molecular pathways or 
processes related to host identity and/or stage.

We especially address the following questions:  

1) What is the fungal “core transcriptome” induced by all three different 
host plants? 

2) Which fungal genes are expressed at different stages of the symbiotic 
interaction in Medicago?
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majority of land plants. So far, molecular research into this interaction 
has mostly focused on the identification of (conserved) plant components 
required to establish a successful symbiosis. However, how AM fungi 
respond and adapt to different hosts is still largely unknown. The recent 
availability of a fungal genome sequence together with high genome-
wide transcriptome analyses has started to provide first molecular insight 
into the fungal aspects of this key symbiosis. In Chapter 2 we focused 
on the secretome of the AM fungus Rhizophagus irregularis in three 
evolutionary distantly-related host plants and at different stages of the 
interaction. This showed that the fungus can adjust its secretome in a 
host- and stage-dependent manner. To get more genome-wide insight 
into fungal gene regulation, we here re-analyzed the expression profiles 
and performed Gene Ontology enrichment analyses to identify biological 
processes or functions related to host identity and stage. This identified 
a core set of 846 fungal genes, commonly induced (> 2 fold) by three 
different hosts compared to germinating spores, showing an enrichment in 
genes encoding proteins involved in transmembrane transport, oxidation-
reduction and tetrapyrrole binding and transferase activities. We discuss 
the role of several of these proteins and especially highlight the role of 
predicted transporters at different stages of the interaction. In addition 
to the commonly expressed genes, 412 genes were expressed in a host-
dependent manner. The potential roles of such genes are discussed based 
on the GO-enrichment analyses. Overall, this work highlights the host- 
and stage-dependent regulation of the fungal transcriptome and offers a 
valuable dataset for further research into the fungal aspects of this key 
symbiosis. 

Introduction

Arbuscular mycorrhizal fungi are obligate biotrophic fungi that form a 
symbiotic interaction with the vast majority of all land plants (Smith and 
Read, 2008). The ability of AM fungi to colonize such a wide range of hosts 
suggests that they must have evolved efficient mechanisms to adapt to 
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3) Which fungal transcriptome changes are host-dependent?

This analysis identified 846 genes that are commonly induced in all three 
hosts compared to germinating spores. We hypothesize that these genes 
may reflect a “core” symbiotic transcriptome response. In addition, 
412 fungal genes showed a host-dependent expression pattern. The 
potential role of several of these genes, based on the GO-term analyses, 
is discussed. Our analyses highlight the regulation of specific transporters 
as well as various genes involved in secondary metabolism during the 
symbiosis. 

Materials and Methods 

RNASeq analyses

Sequence reads were mapped to the R. irregularis genome with corrections 
for effector gene models (Lin et al., 2014a; Zeng et al., 2018) using 
CLC genomics workbench 10.0.1 (Qiagen). Sequences (RirG_identifiers) 
are available at http://cmb.bnu.edu.cn/Rhizophagus_irregularis_v10/. 
Original sequencing data from Zeng et al., 2018 are available from 
NCBI Gene Expression Omnibus GSE99655, including RNASeq data from 
three hosts and two stages (ARB and IRM). RNASeq data from ERM and 
germinating spores were downloaded from DDBJ database DRA002591 
(Tsuzuki et al., 2016). Length fraction and similarity fraction was set to 
0.9 during mapping and only unique mapped reads were considered in the 
analysis. All other parameters were set as default. TPM (transcripts per 
million, Wagner, Kin, and Lynch 2012) and differential expression analyses 
were  generated by CLC genomics workbench 10.0.1. To filter the data, 
only genes with average TPM>10 across all samples were considered. To 
calculate genes enriched in each plant species and fungal developmental 
stages, a cut-off of fold change>2 with an FDR p<0.05 was used. Same 
parameters were used for mapping to Medicago truncatula genome V4 
(Tang et al., 2014).

Gene ontology analyses
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Blast2Go 4.0.7 was used to generate functional annotation of all proteins. 
In detail, blast searches were performed using the NCBI database. InterPro 
Scan function in Blast2GO was used to generate domain information. 
Mapping and annotation were all performed with default parameters in 
Blast2GO (Conesa et al., 2005).

GO enrichment analyses

GO enrichment analyses were performed using BINGO plugin (Maere et 
al., 2005) in Cytoscape 3.7.1  with default parameters. Only expressed 
genes are used as reference in GO enrichment analyses. Bingo results 
were imported into Enrichment Map (Merico et al., 2010) for visualization. 
Gene functional clusters were grouped using AutoAnnotate 1.2 (Kucera et 
al., 2016) in Cytoscape. 

Results and discussion 

“Core” symbiotic transcriptome 

To obtain more molecular insight into the fungal aspects of AM symbiosis 
in different hosts, we first searched for fungal genes that are commonly 
induced in the symbiosis of R. irregularis DAOM197198 with three 
evolutionary distantly related host plants, Medicago truncatula (Medicago), 
Nicotiana benthamiana (Nicotiana) and Allium schoenoprasum (Chives). 
We hypothesized that such genes may reflect “core genes” that are 
important for the symbiosis in a wide range of hosts. Therefore, we 
(re-)analyzed the RNA-seq data, generated in Chapter 2 (Zeng et al., 
2018), containing RNA-seq data from R. irregularis DAOM197198 in 
symbiosis with Medicago truncatula, Nicotiana benthamiana and Allium 
schoenoprasum,by setting a cut-off average TPM >10 across all RNA-seq 
samples. A list of the different RNA-seq datasets used is provided in Table 
S1. This identified a total of 8193 fungal genes out of 27311 annotated 
genes that are considered as being reliably expressed.  

To identify genes that are commonly induced by all three hosts we 
selected genes that showed more than 2-fold higher expression (FDR 
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the local environment of different hosts. They must be able to deal with 
various host immune systems and adjust their metabolism in such a way 
that a mutual beneficial symbiosis is maintained. Although on average 
AM fungi have positive effects on the performance of their host plants, 
numerous studies have reported that the beneficial (growth) effect on the 
plant (referred to as symbiotic efficiency) can vary from mutualistic to 
parasitic depending on both plant and fungal genotypes (Smith and Read, 
2008; Sanders and Croll, 2010; Koch et al., 2017; Watts-Williams et al., 
2019; Mateus et al., 2019). The molecular bases of such differences are 
still completely unknown. In addition to insight into the plant response to 
various AM fungi, it also requires a better understanding of the different 
responses of a single AM fungus to various host plants.

In Chapter 2 we showed that AM fungi respond to different hosts by 
adjusting their secretome. The transcriptome of Rhizophagus irregularis 
DAOM197198 was studied in symbiosis with three evolutionary distantly 
related host species. Furthermore, we showed that they also adjust their 
secretome in a stage-dependent manner. Therefore, laser microdissection 
was used to distinguish several stages of fungal development, including 
arbuscule-containing cells , cortical cells associated with intraradical 
mycelium (growing between cells), extraradical mycelium and germinating 
spores.

To get a better understanding of the transcriptional response of R. 
irregularis to the different hosts and gene regulation at the different 
stages, we performed a broader analysis of the acquired transcriptome 
data described in Chapter 2 using Gene Ontology (GO) enrichment 
analyses. This allowed us to identify potential molecular pathways or 
processes related to host identity and/or stage.

We especially address the following questions:  

1) What is the fungal “core transcriptome” induced by all three different 
host plants? 

2) Which fungal genes are expressed at different stages of the symbiotic 
interaction in Medicago?
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3) Which fungal transcriptome changes are host-dependent?

This analysis identified 846 genes that are commonly induced in all three 
hosts compared to germinating spores. We hypothesize that these genes 
may reflect a “core” symbiotic transcriptome response. In addition, 
412 fungal genes showed a host-dependent expression pattern. The 
potential role of several of these genes, based on the GO-term analyses, 
is discussed. Our analyses highlight the regulation of specific transporters 
as well as various genes involved in secondary metabolism during the 
symbiosis. 

Materials and Methods 

RNASeq analyses

Sequence reads were mapped to the R. irregularis genome with corrections 
for effector gene models (Lin et al., 2014a; Zeng et al., 2018) using 
CLC genomics workbench 10.0.1 (Qiagen). Sequences (RirG_identifiers) 
are available at http://cmb.bnu.edu.cn/Rhizophagus_irregularis_v10/. 
Original sequencing data from Zeng et al., 2018 are available from 
NCBI Gene Expression Omnibus GSE99655, including RNASeq data from 
three hosts and two stages (ARB and IRM). RNASeq data from ERM and 
germinating spores were downloaded from DDBJ database DRA002591 
(Tsuzuki et al., 2016). Length fraction and similarity fraction was set to 
0.9 during mapping and only unique mapped reads were considered in the 
analysis. All other parameters were set as default. TPM (transcripts per 
million, Wagner, Kin, and Lynch 2012) and differential expression analyses 
were  generated by CLC genomics workbench 10.0.1. To filter the data, 
only genes with average TPM>10 across all samples were considered. To 
calculate genes enriched in each plant species and fungal developmental 
stages, a cut-off of fold change>2 with an FDR p<0.05 was used. Same 
parameters were used for mapping to Medicago truncatula genome V4 
(Tang et al., 2014).

Gene ontology analyses
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Blast2Go 4.0.7 was used to generate functional annotation of all proteins. 
In detail, blast searches were performed using the NCBI database. InterPro 
Scan function in Blast2GO was used to generate domain information. 
Mapping and annotation were all performed with default parameters in 
Blast2GO (Conesa et al., 2005).

GO enrichment analyses

GO enrichment analyses were performed using BINGO plugin (Maere et 
al., 2005) in Cytoscape 3.7.1  with default parameters. Only expressed 
genes are used as reference in GO enrichment analyses. Bingo results 
were imported into Enrichment Map (Merico et al., 2010) for visualization. 
Gene functional clusters were grouped using AutoAnnotate 1.2 (Kucera et 
al., 2016) in Cytoscape. 

Results and discussion 

“Core” symbiotic transcriptome 

To obtain more molecular insight into the fungal aspects of AM symbiosis 
in different hosts, we first searched for fungal genes that are commonly 
induced in the symbiosis of R. irregularis DAOM197198 with three 
evolutionary distantly related host plants, Medicago truncatula (Medicago), 
Nicotiana benthamiana (Nicotiana) and Allium schoenoprasum (Chives). 
We hypothesized that such genes may reflect “core genes” that are 
important for the symbiosis in a wide range of hosts. Therefore, we 
(re-)analyzed the RNA-seq data, generated in Chapter 2 (Zeng et al., 
2018), containing RNA-seq data from R. irregularis DAOM197198 in 
symbiosis with Medicago truncatula, Nicotiana benthamiana and Allium 
schoenoprasum,by setting a cut-off average TPM >10 across all RNA-seq 
samples. A list of the different RNA-seq datasets used is provided in Table 
S1. This identified a total of 8193 fungal genes out of 27311 annotated 
genes that are considered as being reliably expressed.  

To identify genes that are commonly induced by all three hosts we 
selected genes that showed more than 2-fold higher expression (FDR 
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Abstract

Arbuscular mycorrhizal (AM) fungi can establish a symbiosis with the vast 
majority of land plants. So far, molecular research into this interaction 
has mostly focused on the identification of (conserved) plant components 
required to establish a successful symbiosis. However, how AM fungi 
respond and adapt to different hosts is still largely unknown. The recent 
availability of a fungal genome sequence together with high genome-
wide transcriptome analyses has started to provide first molecular insight 
into the fungal aspects of this key symbiosis. In Chapter 2 we focused 
on the secretome of the AM fungus Rhizophagus irregularis in three 
evolutionary distantly-related host plants and at different stages of the 
interaction. This showed that the fungus can adjust its secretome in a 
host- and stage-dependent manner. To get more genome-wide insight 
into fungal gene regulation, we here re-analyzed the expression profiles 
and performed Gene Ontology enrichment analyses to identify biological 
processes or functions related to host identity and stage. This identified 
a core set of 846 fungal genes, commonly induced (> 2 fold) by three 
different hosts compared to germinating spores, showing an enrichment in 
genes encoding proteins involved in transmembrane transport, oxidation-
reduction and tetrapyrrole binding and transferase activities. We discuss 
the role of several of these proteins and especially highlight the role of 
predicted transporters at different stages of the interaction. In addition 
to the commonly expressed genes, 412 genes were expressed in a host-
dependent manner. The potential roles of such genes are discussed based 
on the GO-enrichment analyses. Overall, this work highlights the host- 
and stage-dependent regulation of the fungal transcriptome and offers a 
valuable dataset for further research into the fungal aspects of this key 
symbiosis. 

Introduction

Arbuscular mycorrhizal fungi are obligate biotrophic fungi that form a 
symbiotic interaction with the vast majority of all land plants (Smith and 
Read, 2008). The ability of AM fungi to colonize such a wide range of hosts 
suggests that they must have evolved efficient mechanisms to adapt to 
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p< 0.05) in symbiotic roots compared to germinating spores (GS). This 
identified 1887 genes that were upregulated in at least one host (Fig. 
1a). Of these, 846 genes (44.8%) were commonly induced in symbiosis 
with all three hosts (Table S2). Similar numbers were observed to be 
down-regulated in symbiotic roots compared to germinating spores 
(Fig. 1b). It should be noted that this comparison does not necessarily 
reflect significant differences between host plants, as expression level 
differences between different hosts are not taken into account. A better 
comparison of host-dependent gene expression is described later in the 
section “host-dependent gene expression”. 

To determine at which stage of the interaction the “core” fungal symbiotic 
genes are expressed, we next compared the R. irregularis transcriptome 
from four different stages: arbuscules (ARB), intraradical mycelium 
(IRM) and extraradical mycelium (ERM), in the symbiosis with Medicago. 
We first selected fungal genes that were at least two fold induced in 
either of the three different stages in Medicago compared to germinating 
spores. 2883 genes were upregulated >2 fold (FDR p < 0.05) in at least 
one stage compared to GS (Fig. S1). ARB and IRM shared the most 
upregulated genes compared to GS (1532 genes, Fig. S1). This may in 
part be due to contamination of ARB samples with RNA from intercellular 
hyphae adjacent to arbuscule cells during the laser microdissection. Next, 
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Figure 1. Genes upregulated (a) or downregulated (b) in three hosts Medicago 
truncatula (Mt), Nicotiana benthamiana (Nb) and Allium schoenoprasum (As) 
compared to germinating spores (GS). A cut-off FDR p < 0.05 and fold-change 
>2 was used.
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we identified symbiotic stage-dependent gene expression by comparing 
ARB, IRM or ERM in a 1-on-1 manner with a fold-change >2 FDR p<0.05). 
294 genes, 142 genes and 460 genes were considered as ARB, IRM or 
ERM-dependent, respectively (Fig. 2a). 1487 genes were classified as 
ARB- and IRM-dependent, whilst only 5 and 7 genes were considered 
as IRM- and ERM-dependent or ARB- and ERM-dependent, respectively 
(Fig. 2a). The relative high number of ERM-dependent genes suggests an 
important role for plant exudates that may affect fungal gene expression. 

Among the 846 genes commonly upregulated in the symbiosis with all 
three hosts, 654 genes were upregulated (fold-change >2 FDR p<0.05) 
in at least one stage compared to GS. Most of those 654 genes were 
predominantly expressed during intraradical colonization, including 221 
ARB-enriched genes, 35 IRM-enriched genes and 223 ARB- and IRM-
enriched genes (Fig. 2b)

Gene ontology enrichment analysis of “core” symbiotic genes

We hypothesized that genes commonly induced in all three evolutionary 
divergent hosts reflect “core genes” that are important for the symbiosis. 
To investigate the potential biological role of these protein-coding genes, 
we performed GO-term enrichment analyses on the 846 “core” genes 
(Table S2) using the BINGO plugin (Maere et al., 2005) in Cytoscape 
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Figure 2. Stage-dependent gene expression of Rhizophagus irregularis. (a) 
2883 genes upregulated in at least one biotrophic stages including arbuscule 
(ARB), intraradical mycelium (IRM) or extraradical mycelium (ERM) compared to 
germinating spores (GS) were grouped according to a cut-off FDR p < 0.05 and 
fold-change >2. (b) Stage-dependent expression of 654 genes commonly induced 
in three hosts. FDR p < 0.05 and fold-change >2.
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the local environment of different hosts. They must be able to deal with 
various host immune systems and adjust their metabolism in such a way 
that a mutual beneficial symbiosis is maintained. Although on average 
AM fungi have positive effects on the performance of their host plants, 
numerous studies have reported that the beneficial (growth) effect on the 
plant (referred to as symbiotic efficiency) can vary from mutualistic to 
parasitic depending on both plant and fungal genotypes (Smith and Read, 
2008; Sanders and Croll, 2010; Koch et al., 2017; Watts-Williams et al., 
2019; Mateus et al., 2019). The molecular bases of such differences are 
still completely unknown. In addition to insight into the plant response to 
various AM fungi, it also requires a better understanding of the different 
responses of a single AM fungus to various host plants.

In Chapter 2 we showed that AM fungi respond to different hosts by 
adjusting their secretome. The transcriptome of Rhizophagus irregularis 
DAOM197198 was studied in symbiosis with three evolutionary distantly 
related host species. Furthermore, we showed that they also adjust their 
secretome in a stage-dependent manner. Therefore, laser microdissection 
was used to distinguish several stages of fungal development, including 
arbuscule-containing cells , cortical cells associated with intraradical 
mycelium (growing between cells), extraradical mycelium and germinating 
spores.

To get a better understanding of the transcriptional response of R. 
irregularis to the different hosts and gene regulation at the different 
stages, we performed a broader analysis of the acquired transcriptome 
data described in Chapter 2 using Gene Ontology (GO) enrichment 
analyses. This allowed us to identify potential molecular pathways or 
processes related to host identity and/or stage.

We especially address the following questions:  

1) What is the fungal “core transcriptome” induced by all three different 
host plants? 

2) Which fungal genes are expressed at different stages of the symbiotic 
interaction in Medicago?
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p< 0.05) in symbiotic roots compared to germinating spores (GS). This 
identified 1887 genes that were upregulated in at least one host (Fig. 
1a). Of these, 846 genes (44.8%) were commonly induced in symbiosis 
with all three hosts (Table S2). Similar numbers were observed to be 
down-regulated in symbiotic roots compared to germinating spores 
(Fig. 1b). It should be noted that this comparison does not necessarily 
reflect significant differences between host plants, as expression level 
differences between different hosts are not taken into account. A better 
comparison of host-dependent gene expression is described later in the 
section “host-dependent gene expression”. 

To determine at which stage of the interaction the “core” fungal symbiotic 
genes are expressed, we next compared the R. irregularis transcriptome 
from four different stages: arbuscules (ARB), intraradical mycelium 
(IRM) and extraradical mycelium (ERM), in the symbiosis with Medicago. 
We first selected fungal genes that were at least two fold induced in 
either of the three different stages in Medicago compared to germinating 
spores. 2883 genes were upregulated >2 fold (FDR p < 0.05) in at least 
one stage compared to GS (Fig. S1). ARB and IRM shared the most 
upregulated genes compared to GS (1532 genes, Fig. S1). This may in 
part be due to contamination of ARB samples with RNA from intercellular 
hyphae adjacent to arbuscule cells during the laser microdissection. Next, 
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>2 was used.
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we identified symbiotic stage-dependent gene expression by comparing 
ARB, IRM or ERM in a 1-on-1 manner with a fold-change >2 FDR p<0.05). 
294 genes, 142 genes and 460 genes were considered as ARB, IRM or 
ERM-dependent, respectively (Fig. 2a). 1487 genes were classified as 
ARB- and IRM-dependent, whilst only 5 and 7 genes were considered 
as IRM- and ERM-dependent or ARB- and ERM-dependent, respectively 
(Fig. 2a). The relative high number of ERM-dependent genes suggests an 
important role for plant exudates that may affect fungal gene expression. 

Among the 846 genes commonly upregulated in the symbiosis with all 
three hosts, 654 genes were upregulated (fold-change >2 FDR p<0.05) 
in at least one stage compared to GS. Most of those 654 genes were 
predominantly expressed during intraradical colonization, including 221 
ARB-enriched genes, 35 IRM-enriched genes and 223 ARB- and IRM-
enriched genes (Fig. 2b)

Gene ontology enrichment analysis of “core” symbiotic genes

We hypothesized that genes commonly induced in all three evolutionary 
divergent hosts reflect “core genes” that are important for the symbiosis. 
To investigate the potential biological role of these protein-coding genes, 
we performed GO-term enrichment analyses on the 846 “core” genes 
(Table S2) using the BINGO plugin (Maere et al., 2005) in Cytoscape 
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Figure 2. Stage-dependent gene expression of Rhizophagus irregularis. (a) 
2883 genes upregulated in at least one biotrophic stages including arbuscule 
(ARB), intraradical mycelium (IRM) or extraradical mycelium (ERM) compared to 
germinating spores (GS) were grouped according to a cut-off FDR p < 0.05 and 
fold-change >2. (b) Stage-dependent expression of 654 genes commonly induced 
in three hosts. FDR p < 0.05 and fold-change >2.
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Abstract

Arbuscular mycorrhizal (AM) fungi can establish a symbiosis with the vast 
majority of land plants. So far, molecular research into this interaction 
has mostly focused on the identification of (conserved) plant components 
required to establish a successful symbiosis. However, how AM fungi 
respond and adapt to different hosts is still largely unknown. The recent 
availability of a fungal genome sequence together with high genome-
wide transcriptome analyses has started to provide first molecular insight 
into the fungal aspects of this key symbiosis. In Chapter 2 we focused 
on the secretome of the AM fungus Rhizophagus irregularis in three 
evolutionary distantly-related host plants and at different stages of the 
interaction. This showed that the fungus can adjust its secretome in a 
host- and stage-dependent manner. To get more genome-wide insight 
into fungal gene regulation, we here re-analyzed the expression profiles 
and performed Gene Ontology enrichment analyses to identify biological 
processes or functions related to host identity and stage. This identified 
a core set of 846 fungal genes, commonly induced (> 2 fold) by three 
different hosts compared to germinating spores, showing an enrichment in 
genes encoding proteins involved in transmembrane transport, oxidation-
reduction and tetrapyrrole binding and transferase activities. We discuss 
the role of several of these proteins and especially highlight the role of 
predicted transporters at different stages of the interaction. In addition 
to the commonly expressed genes, 412 genes were expressed in a host-
dependent manner. The potential roles of such genes are discussed based 
on the GO-enrichment analyses. Overall, this work highlights the host- 
and stage-dependent regulation of the fungal transcriptome and offers a 
valuable dataset for further research into the fungal aspects of this key 
symbiosis. 

Introduction

Arbuscular mycorrhizal fungi are obligate biotrophic fungi that form a 
symbiotic interaction with the vast majority of all land plants (Smith and 
Read, 2008). The ability of AM fungi to colonize such a wide range of hosts 
suggests that they must have evolved efficient mechanisms to adapt to 
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(Shannon et al., 2003), considering GO-terms related to biological 
processes, molecular function or cellular localization. This revealed 
an enrichment in genes encoding proteins involved in transmembrane 
transport, oxidation reduction and tetrapyrrole binding and transferase 
activities (Fig. 3). 

Transmembrane transport

The enrichment of genes related to transmembrane transport fits with 
the well-known role for AM fungi to transport mineral nutrients such as 
phosphate, nitrogen and other micro-nutrients to their host. In line with 
this, 53 core genes encoding proteins are involved in transmembrane 
transport (Table S2).  It has been proposed that AM fungi utilize 
proton(H+/Pi)- and sodium (Na+/Pi)-coupled inorganic phosphate 
transporters to take up Pi from the environment (Harrison and Buuren, 
1995; Maldonado-Mendoza et al., 2001; Xie et al., 2016).  Three of these 
transporters are annotated as phosphate transporters genes including two 
phosphate:H+ symporters (RirG093950, RirG187650) and a Phosphate/
sulfate permease (RirG046040) (Table S2). RirG187650 and RirG046040 
showed ERM-enriched expression, indicating they may be involved in 
phosphate uptake from the environment. RirG093950 is the highest 
expressed phosphate transporter gene across all stages. It represents 
the ortholog of GigmPT, which functions as a phosphate transceptor in 
Gigaspora margarita (Xie et al., 2016). Consistent with previous results 
from Xie et al., 2016, we observed that RirG093950 is highly expressed 
in arbuscules as well as extraradial mycelium. Currently, it is not known 
how phosphate is transported from the fungus to the plant, therefore, it 
remains a possibility that GigmPT may function as phosphate exporter in 
arbuscules. Alternative candidates for phosphate export from arbuscules 
are SYG family (Suppressor of Yeast Gpa1) transporters (Ezawa and Saito, 
2018). Interestingly, we found one yeast SYG1 ortholog RirG113890 that 
showed predominant expression in arbuscules. It would be intriguing 
to investigate whether these phosphate transporters indeed transport 
phosphate to the host. 

In addition to phosphate, AM fungi provide nitrogen to their hosts. AM 
fungi can take up inorganic (ammonium or nitrate) or organic nitrogen 
(amino acids or peptides). The nitrogen is transformed into arginine in 
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the local environment of different hosts. They must be able to deal with 
various host immune systems and adjust their metabolism in such a way 
that a mutual beneficial symbiosis is maintained. Although on average 
AM fungi have positive effects on the performance of their host plants, 
numerous studies have reported that the beneficial (growth) effect on the 
plant (referred to as symbiotic efficiency) can vary from mutualistic to 
parasitic depending on both plant and fungal genotypes (Smith and Read, 
2008; Sanders and Croll, 2010; Koch et al., 2017; Watts-Williams et al., 
2019; Mateus et al., 2019). The molecular bases of such differences are 
still completely unknown. In addition to insight into the plant response to 
various AM fungi, it also requires a better understanding of the different 
responses of a single AM fungus to various host plants.

In Chapter 2 we showed that AM fungi respond to different hosts by 
adjusting their secretome. The transcriptome of Rhizophagus irregularis 
DAOM197198 was studied in symbiosis with three evolutionary distantly 
related host species. Furthermore, we showed that they also adjust their 
secretome in a stage-dependent manner. Therefore, laser microdissection 
was used to distinguish several stages of fungal development, including 
arbuscule-containing cells , cortical cells associated with intraradical 
mycelium (growing between cells), extraradical mycelium and germinating 
spores.

To get a better understanding of the transcriptional response of R. 
irregularis to the different hosts and gene regulation at the different 
stages, we performed a broader analysis of the acquired transcriptome 
data described in Chapter 2 using Gene Ontology (GO) enrichment 
analyses. This allowed us to identify potential molecular pathways or 
processes related to host identity and/or stage.

We especially address the following questions:  

1) What is the fungal “core transcriptome” induced by all three different 
host plants? 

2) Which fungal genes are expressed at different stages of the symbiotic 
interaction in Medicago?
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(Shannon et al., 2003), considering GO-terms related to biological 
processes, molecular function or cellular localization. This revealed 
an enrichment in genes encoding proteins involved in transmembrane 
transport, oxidation reduction and tetrapyrrole binding and transferase 
activities (Fig. 3). 

Transmembrane transport

The enrichment of genes related to transmembrane transport fits with 
the well-known role for AM fungi to transport mineral nutrients such as 
phosphate, nitrogen and other micro-nutrients to their host. In line with 
this, 53 core genes encoding proteins are involved in transmembrane 
transport (Table S2).  It has been proposed that AM fungi utilize 
proton(H+/Pi)- and sodium (Na+/Pi)-coupled inorganic phosphate 
transporters to take up Pi from the environment (Harrison and Buuren, 
1995; Maldonado-Mendoza et al., 2001; Xie et al., 2016).  Three of these 
transporters are annotated as phosphate transporters genes including two 
phosphate:H+ symporters (RirG093950, RirG187650) and a Phosphate/
sulfate permease (RirG046040) (Table S2). RirG187650 and RirG046040 
showed ERM-enriched expression, indicating they may be involved in 
phosphate uptake from the environment. RirG093950 is the highest 
expressed phosphate transporter gene across all stages. It represents 
the ortholog of GigmPT, which functions as a phosphate transceptor in 
Gigaspora margarita (Xie et al., 2016). Consistent with previous results 
from Xie et al., 2016, we observed that RirG093950 is highly expressed 
in arbuscules as well as extraradial mycelium. Currently, it is not known 
how phosphate is transported from the fungus to the plant, therefore, it 
remains a possibility that GigmPT may function as phosphate exporter in 
arbuscules. Alternative candidates for phosphate export from arbuscules 
are SYG family (Suppressor of Yeast Gpa1) transporters (Ezawa and Saito, 
2018). Interestingly, we found one yeast SYG1 ortholog RirG113890 that 
showed predominant expression in arbuscules. It would be intriguing 
to investigate whether these phosphate transporters indeed transport 
phosphate to the host. 

In addition to phosphate, AM fungi provide nitrogen to their hosts. AM 
fungi can take up inorganic (ammonium or nitrate) or organic nitrogen 
(amino acids or peptides). The nitrogen is transformed into arginine in 
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Abstract

Arbuscular mycorrhizal (AM) fungi can establish a symbiosis with the vast 
majority of land plants. So far, molecular research into this interaction 
has mostly focused on the identification of (conserved) plant components 
required to establish a successful symbiosis. However, how AM fungi 
respond and adapt to different hosts is still largely unknown. The recent 
availability of a fungal genome sequence together with high genome-
wide transcriptome analyses has started to provide first molecular insight 
into the fungal aspects of this key symbiosis. In Chapter 2 we focused 
on the secretome of the AM fungus Rhizophagus irregularis in three 
evolutionary distantly-related host plants and at different stages of the 
interaction. This showed that the fungus can adjust its secretome in a 
host- and stage-dependent manner. To get more genome-wide insight 
into fungal gene regulation, we here re-analyzed the expression profiles 
and performed Gene Ontology enrichment analyses to identify biological 
processes or functions related to host identity and stage. This identified 
a core set of 846 fungal genes, commonly induced (> 2 fold) by three 
different hosts compared to germinating spores, showing an enrichment in 
genes encoding proteins involved in transmembrane transport, oxidation-
reduction and tetrapyrrole binding and transferase activities. We discuss 
the role of several of these proteins and especially highlight the role of 
predicted transporters at different stages of the interaction. In addition 
to the commonly expressed genes, 412 genes were expressed in a host-
dependent manner. The potential roles of such genes are discussed based 
on the GO-enrichment analyses. Overall, this work highlights the host- 
and stage-dependent regulation of the fungal transcriptome and offers a 
valuable dataset for further research into the fungal aspects of this key 
symbiosis. 

Introduction

Arbuscular mycorrhizal fungi are obligate biotrophic fungi that form a 
symbiotic interaction with the vast majority of all land plants (Smith and 
Read, 2008). The ability of AM fungi to colonize such a wide range of hosts 
suggests that they must have evolved efficient mechanisms to adapt to 
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the ERM to be transported to the IRM via vacuoles, where it is converted 
back to ammonium/ammonia to be transferred to the host (Tian et 
al., 2010). We detected two ammonium transporters (RirG219850, 
RirG189010) and one nitrate transporter (RirG036130) that were induced 
in the symbiosis with all three hosts. The two ammonium transporters 
are mainly induced in ERM, suggesting that they may function to absorb 
ammonium from the environment. The nitrate transporter showed 
highest expression in arbuscules compared to any other stage, suggesting 
a role in providing nitrogen to the hosts, or a competition for nitrate 
uptake at the symbiotic interface. We also detected an enrichment of 
genes related to amino acid transport in all hosts. Molecular functions 
such as amino acid transmembrane transporter activity, organic acid 
transmembrane transporter activity and biological processes such as 
carboxylic acid transmembrane transporter activity, amino acid transport 
and amine transport are enriched in symbiosis with all hosts (Fig. 3). 
Among 5 genes related to amino acid transport, 3 genes (RirG135940, 
RirG097380 and RirG021210) are annotated as plasma membrane amino 
acid permeases, while the other two genes (RirG222330, RirG059840) 
are annotated as either lysosome or vacuolar membrane located amino 
acid transporters, respectively. It was reported that mycorrhization can 
induce the expression of host amino acid transporters (Guether et al., 
2009a) and can affect amino acid composition of the hosts (Whiteside et 
al., 2012), indicating that amino acids are actively transported between 
both partners. The fungal dipeptide transporter RiPTR2 (RirG248040) 
was previously proposed to take up dipeptides in planta during the 
symbiosis (Belmondo et al., 2014). Consistently, we found that RiPTR2 
was induced in all hosts (Table S2). However, we did not detect RiPTR2 
to be induced in the intraradical stages, although it was proposed that 
RiPTR2 is induced in intraradical mycelium and arbuscules compared to 
ERM. This discrepancy might be due to different experimental conditions, 
or RiPTR2 may be mainly expressed in stages that were not covered in 
our laser microdissection, such as hyphopodia or vesicles. In contrast, 
we observed that most of the amino acid transporter genes (except for 
RirG021210) are most prominently expressed in arbuscules. Furthermore, 
it was proposed that AM fungi are able to take up and utilize amino acids 
from the environment as a source of carbon and nitrogen (Hawkins et al., 
2000). Especially, peptide- and protein-bound amino acids are a source 
of organic nitrogen in the soil. We noticed that three putative amino acid 
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transporters (RirG021210, RirG059840 and RirG232070) were expressed 
throughout all developmental stages. These amino acid transporters 
may collectively function in amino acid uptake from the environment and 
transfer to the hosts. On the other hand it is possible that AM fungi may 
acquire amino acids from their hosts as nutrients, as was proposed for 
biotrophic pathogenic fungi (Duplessis et al., 2011).

Since AM fungi are obligate biotrophs they fully rely on the host plant 
to complete their life cycle. Originally, sugars (especially hexoses) were 
considered to be a major carbon source from the plant to feed the fungus 
(Solaiman and Saito, 1997; Bago et al., 2000; Bago et al., 2003). It 
was shown that two Medicago sucrose synthases are upregulated during 
AM symbiosis, one of which (MtSUS1) was specifically upregulated in 
arbuscule-containing cells and required for a successful symbiosis (Baier 
et al., 2010). In line with a role for hexoses, a high affinity mono-
saccharide transporter, called RiMST2 (RirG108040), was identified in R. 
irregularis and shown to be important for proper arbuscule development 
(Helber et al., 2011). We identified two monosaccharide transporters 
(RiMST2/RirG108040 and RirG088730) that were highly induced in the 
symbiosis with all hosts. Both MSTs are expressed in an ARB-enriched 
manner, suggesting that arbuscules are a major site for monosaccharide 
uptake. It is currently unknown how sugars are exported from the plant 
cell to peri-arbuscular space. Recently, SUGARS-WILL-EVENTUALLY-BE-
EXPORTED-TRANSPORTER (SWEET) family members were identified as 
sugar efflux transporters in plants (Chen et al., 2010). Interestingly, 
we found a single Medicago SWEET transporter (MtSWEET1b) that was 
predominantly expressed in arbuscule-containing cells suggesting a 
function in sugar supply from the host to AM fungi in arbuscule-containing 
cells. In Chapter 5, we performed a detailed analyses on this SWEET 
transporter. 

Recently, it was reported that AM fungi are fatty acid auxotrophs as they 
lack a key gene to synthesize fatty acids. Therefore they rely on the host 
plant to provide lipid precursors, such as (C16:0) β-monoacylglycerols 
(Luginbuehl et al., 2017; Keymer et al., 2017; Bravo et al., 2017; Jiang 
et al., 2017). It was proposed that such lipid precursors are transported 
by plant ATP-binding cassette (half ABCG) transporters (MtSTR and 
MtSTR2) to the fungal side (Zhang et al., 2010; Luginbuehl et al., 2017; 
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the local environment of different hosts. They must be able to deal with 
various host immune systems and adjust their metabolism in such a way 
that a mutual beneficial symbiosis is maintained. Although on average 
AM fungi have positive effects on the performance of their host plants, 
numerous studies have reported that the beneficial (growth) effect on the 
plant (referred to as symbiotic efficiency) can vary from mutualistic to 
parasitic depending on both plant and fungal genotypes (Smith and Read, 
2008; Sanders and Croll, 2010; Koch et al., 2017; Watts-Williams et al., 
2019; Mateus et al., 2019). The molecular bases of such differences are 
still completely unknown. In addition to insight into the plant response to 
various AM fungi, it also requires a better understanding of the different 
responses of a single AM fungus to various host plants.

In Chapter 2 we showed that AM fungi respond to different hosts by 
adjusting their secretome. The transcriptome of Rhizophagus irregularis 
DAOM197198 was studied in symbiosis with three evolutionary distantly 
related host species. Furthermore, we showed that they also adjust their 
secretome in a stage-dependent manner. Therefore, laser microdissection 
was used to distinguish several stages of fungal development, including 
arbuscule-containing cells , cortical cells associated with intraradical 
mycelium (growing between cells), extraradical mycelium and germinating 
spores.

To get a better understanding of the transcriptional response of R. 
irregularis to the different hosts and gene regulation at the different 
stages, we performed a broader analysis of the acquired transcriptome 
data described in Chapter 2 using Gene Ontology (GO) enrichment 
analyses. This allowed us to identify potential molecular pathways or 
processes related to host identity and/or stage.

We especially address the following questions:  

1) What is the fungal “core transcriptome” induced by all three different 
host plants? 

2) Which fungal genes are expressed at different stages of the symbiotic 
interaction in Medicago?
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the ERM to be transported to the IRM via vacuoles, where it is converted 
back to ammonium/ammonia to be transferred to the host (Tian et 
al., 2010). We detected two ammonium transporters (RirG219850, 
RirG189010) and one nitrate transporter (RirG036130) that were induced 
in the symbiosis with all three hosts. The two ammonium transporters 
are mainly induced in ERM, suggesting that they may function to absorb 
ammonium from the environment. The nitrate transporter showed 
highest expression in arbuscules compared to any other stage, suggesting 
a role in providing nitrogen to the hosts, or a competition for nitrate 
uptake at the symbiotic interface. We also detected an enrichment of 
genes related to amino acid transport in all hosts. Molecular functions 
such as amino acid transmembrane transporter activity, organic acid 
transmembrane transporter activity and biological processes such as 
carboxylic acid transmembrane transporter activity, amino acid transport 
and amine transport are enriched in symbiosis with all hosts (Fig. 3). 
Among 5 genes related to amino acid transport, 3 genes (RirG135940, 
RirG097380 and RirG021210) are annotated as plasma membrane amino 
acid permeases, while the other two genes (RirG222330, RirG059840) 
are annotated as either lysosome or vacuolar membrane located amino 
acid transporters, respectively. It was reported that mycorrhization can 
induce the expression of host amino acid transporters (Guether et al., 
2009a) and can affect amino acid composition of the hosts (Whiteside et 
al., 2012), indicating that amino acids are actively transported between 
both partners. The fungal dipeptide transporter RiPTR2 (RirG248040) 
was previously proposed to take up dipeptides in planta during the 
symbiosis (Belmondo et al., 2014). Consistently, we found that RiPTR2 
was induced in all hosts (Table S2). However, we did not detect RiPTR2 
to be induced in the intraradical stages, although it was proposed that 
RiPTR2 is induced in intraradical mycelium and arbuscules compared to 
ERM. This discrepancy might be due to different experimental conditions, 
or RiPTR2 may be mainly expressed in stages that were not covered in 
our laser microdissection, such as hyphopodia or vesicles. In contrast, 
we observed that most of the amino acid transporter genes (except for 
RirG021210) are most prominently expressed in arbuscules. Furthermore, 
it was proposed that AM fungi are able to take up and utilize amino acids 
from the environment as a source of carbon and nitrogen (Hawkins et al., 
2000). Especially, peptide- and protein-bound amino acids are a source 
of organic nitrogen in the soil. We noticed that three putative amino acid 
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transporters (RirG021210, RirG059840 and RirG232070) were expressed 
throughout all developmental stages. These amino acid transporters 
may collectively function in amino acid uptake from the environment and 
transfer to the hosts. On the other hand it is possible that AM fungi may 
acquire amino acids from their hosts as nutrients, as was proposed for 
biotrophic pathogenic fungi (Duplessis et al., 2011).

Since AM fungi are obligate biotrophs they fully rely on the host plant 
to complete their life cycle. Originally, sugars (especially hexoses) were 
considered to be a major carbon source from the plant to feed the fungus 
(Solaiman and Saito, 1997; Bago et al., 2000; Bago et al., 2003). It 
was shown that two Medicago sucrose synthases are upregulated during 
AM symbiosis, one of which (MtSUS1) was specifically upregulated in 
arbuscule-containing cells and required for a successful symbiosis (Baier 
et al., 2010). In line with a role for hexoses, a high affinity mono-
saccharide transporter, called RiMST2 (RirG108040), was identified in R. 
irregularis and shown to be important for proper arbuscule development 
(Helber et al., 2011). We identified two monosaccharide transporters 
(RiMST2/RirG108040 and RirG088730) that were highly induced in the 
symbiosis with all hosts. Both MSTs are expressed in an ARB-enriched 
manner, suggesting that arbuscules are a major site for monosaccharide 
uptake. It is currently unknown how sugars are exported from the plant 
cell to peri-arbuscular space. Recently, SUGARS-WILL-EVENTUALLY-BE-
EXPORTED-TRANSPORTER (SWEET) family members were identified as 
sugar efflux transporters in plants (Chen et al., 2010). Interestingly, 
we found a single Medicago SWEET transporter (MtSWEET1b) that was 
predominantly expressed in arbuscule-containing cells suggesting a 
function in sugar supply from the host to AM fungi in arbuscule-containing 
cells. In Chapter 5, we performed a detailed analyses on this SWEET 
transporter. 

Recently, it was reported that AM fungi are fatty acid auxotrophs as they 
lack a key gene to synthesize fatty acids. Therefore they rely on the host 
plant to provide lipid precursors, such as (C16:0) β-monoacylglycerols 
(Luginbuehl et al., 2017; Keymer et al., 2017; Bravo et al., 2017; Jiang 
et al., 2017). It was proposed that such lipid precursors are transported 
by plant ATP-binding cassette (half ABCG) transporters (MtSTR and 
MtSTR2) to the fungal side (Zhang et al., 2010; Luginbuehl et al., 2017; 
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Abstract

Arbuscular mycorrhizal (AM) fungi can establish a symbiosis with the vast 
majority of land plants. So far, molecular research into this interaction 
has mostly focused on the identification of (conserved) plant components 
required to establish a successful symbiosis. However, how AM fungi 
respond and adapt to different hosts is still largely unknown. The recent 
availability of a fungal genome sequence together with high genome-
wide transcriptome analyses has started to provide first molecular insight 
into the fungal aspects of this key symbiosis. In Chapter 2 we focused 
on the secretome of the AM fungus Rhizophagus irregularis in three 
evolutionary distantly-related host plants and at different stages of the 
interaction. This showed that the fungus can adjust its secretome in a 
host- and stage-dependent manner. To get more genome-wide insight 
into fungal gene regulation, we here re-analyzed the expression profiles 
and performed Gene Ontology enrichment analyses to identify biological 
processes or functions related to host identity and stage. This identified 
a core set of 846 fungal genes, commonly induced (> 2 fold) by three 
different hosts compared to germinating spores, showing an enrichment in 
genes encoding proteins involved in transmembrane transport, oxidation-
reduction and tetrapyrrole binding and transferase activities. We discuss 
the role of several of these proteins and especially highlight the role of 
predicted transporters at different stages of the interaction. In addition 
to the commonly expressed genes, 412 genes were expressed in a host-
dependent manner. The potential roles of such genes are discussed based 
on the GO-enrichment analyses. Overall, this work highlights the host- 
and stage-dependent regulation of the fungal transcriptome and offers a 
valuable dataset for further research into the fungal aspects of this key 
symbiosis. 

Introduction

Arbuscular mycorrhizal fungi are obligate biotrophic fungi that form a 
symbiotic interaction with the vast majority of all land plants (Smith and 
Read, 2008). The ability of AM fungi to colonize such a wide range of hosts 
suggests that they must have evolved efficient mechanisms to adapt to 
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Keymer et al., 2017; Bravo et al., 2017; Jiang et al., 2017). MtSTR and 
MtSTR2 are specifically expressed in arbuscule-containing cells where 
they localize to the peri-arbuscular membrane. Knock-out mutations in 
these genes caused the development of stunted arbuscules (Zhang et al., 
2010). However, it remains elusive how AM fungi take up lipid precursors 
from the host at the symbiotic interface. Seven fungal ABC multidrug 
transporters (RirG246880, RirG181250, RirG150000, RirG134600, 
RirG049700, RirG010050, RirG187430) were found to be induced by all 
host plants (Table S2). Four of them were induced in planta, including 
RirG010050, RirG181250, RirG246880, RirG187430 (Table S2). Two of 
them (RirG181250, RirG246880) were specifically induced in arbuscules 
(Table S2). It is tempting to speculate that these ABC transporters may 
mediate lipid uptake from the hosts. Alternatively, lipids can be transported 
by other transporter families. For instance, major facilitator family (MFS) 
transporters were proposed to facilitate transport of a wide range of small 
molecules such as oligosaccharides, amino acids as well as lipids (Madej, 
2014). We found many MFS transporters (RirG261280, RirG014340, 
RirG019750, RirG203940, RirG204650, RirG040260, RirG088740, 
RirG248040, RirG181270, RirG026160, RirG234570, RirG178390, 
RirG129060) that are induced in the symbiosis with all three hosts. Some 
of them (RirG019750, RirG204650, RirG181270, RirG178390) were 
expressed in an ARB-enriched manner (Table S2). Recent research using 
electron microscopy and tomography revealed extensive extracellular 
vesicular structure at the plant-fungal interface (Ivanov et al., 2019; Roth 
et al., 2019). This raises the idea  that fatty acids/lipid precursors may 
be transported via extracellular vesicles (Ivanov et al., 2019; Roth et al., 
2019). Another intriguing possibility is the involvement of fungal effector 
proteins to facilitate the uptake of fatty acids. For example, elicitins, 
effectors secreted by Phytophthora and Pythium species, act as shuttles 
to take up sterols (and other lipids) from the host plants (Blein et al., 
2002; Derevnina et al., 2016). Although, homologs of elicitins were not 
identified in R. irregularis, several secreted effector-like proteins contain 
lipid binding ML2 domains (Inohara and Nuñez, 2002). It is tempting to 
speculate that some of these effectors may play a similar role as elicitins 
to take up fatty acids from plants (Chapter 2).

Several transport-related “core” symbiotic genes encode for proteins 
that are predicted to play a role in metal ion transmembrane transport. 
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For example, metal ion transporters such as iron (jgi_p_Gloin1_347887/
RiFTR1 and RirG259560/ RiFTR2, Tamayo et al., 2018), copper 
(RirG113850/RiCTR2, Tamayo et al., 2014), magnesium (RirG095430), 
nickel (RirG219210), zinc (RirG090540), calcium (RirG195010) and 
potassium (RirG018800, RirG095440) transporters are induced by all 
three hosts (Table S2). A cora-domain containing ion transporter gene 
(RirG022670) that may mediate Mg2+ or Co2+ transport, and a Co/Zn/
Cd efflux protein-coding gene (RirG194860) were also induced by all three 
host plants (Table S2). It will be interesting to investigate whether these 
transporters mediate metal ion uptake from or transport to the hosts. 
The majority of these metal transporters were most highly expressed 
in arbuscules compared to any of the other stages. One of the highest 
expressed metal transporter genes encodes a previously reported plasma 
membrane iron permease, called RiFTR1 (Tamayo et al., 2018). This gene 
(jgi_p_Gloin1_347887) was highest induced in arbuscules (TPM 594 ± SE 
67) compared to IRM (TPM 21 ± SE 6), ERM (15 ± SE 2) or GS (71 ± 
SE 12). Another tonoplast-located iron transporter RiFTR2 (RirG259560, 
Tamayo et al., 2018) was also expressed predominantly in arbuscules. 
These results suggest that AM fungi take up iron at the interface. Even 
higher gene expression was observed for the copper transporter RiCTR2 
(RirG113850). RiCTR2 was proposed to be a tonoplast copper transporter 
which pumps copper into cytosol (Tamayo et al., 2014). In contrast to 
the arbuscule-enriched expression pattern of the iron transporters, 
RirG113850 was highly induced in both ARB (TPM 1807 ± SE 158) 
and IRM (1087 ± SE 72) compared to ERM (14 ± SE 5) and GS (TPM 
54 ± SE 4), suggesting that copper is mobilized from vacuoles to the 
cytosol in arbuscules and intraradical mycelium. A zinc transporter gene 
(RirG090540) was expressed in a similar pattern as RiCTR2, although 
at lower levels (Table S2). In addition, a  potassium transporter gene 
(RirG018800) and a magnesium transporter gene (RirG095430) also 
showed ARB-enriched expression compared to other stages (Table S2). 
Taken together, these results indicate that regulation of metal homeostasis 
in the fungus plays an important role during the intraradical stages of the 
interaction . This may also be related to the ability of AM fungi to alleviate 
(heavy) metal toxicity in their hosts (Tamayo et al., 2014).

Oxidation reduction and tetrapyrrole binding
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the local environment of different hosts. They must be able to deal with 
various host immune systems and adjust their metabolism in such a way 
that a mutual beneficial symbiosis is maintained. Although on average 
AM fungi have positive effects on the performance of their host plants, 
numerous studies have reported that the beneficial (growth) effect on the 
plant (referred to as symbiotic efficiency) can vary from mutualistic to 
parasitic depending on both plant and fungal genotypes (Smith and Read, 
2008; Sanders and Croll, 2010; Koch et al., 2017; Watts-Williams et al., 
2019; Mateus et al., 2019). The molecular bases of such differences are 
still completely unknown. In addition to insight into the plant response to 
various AM fungi, it also requires a better understanding of the different 
responses of a single AM fungus to various host plants.

In Chapter 2 we showed that AM fungi respond to different hosts by 
adjusting their secretome. The transcriptome of Rhizophagus irregularis 
DAOM197198 was studied in symbiosis with three evolutionary distantly 
related host species. Furthermore, we showed that they also adjust their 
secretome in a stage-dependent manner. Therefore, laser microdissection 
was used to distinguish several stages of fungal development, including 
arbuscule-containing cells , cortical cells associated with intraradical 
mycelium (growing between cells), extraradical mycelium and germinating 
spores.

To get a better understanding of the transcriptional response of R. 
irregularis to the different hosts and gene regulation at the different 
stages, we performed a broader analysis of the acquired transcriptome 
data described in Chapter 2 using Gene Ontology (GO) enrichment 
analyses. This allowed us to identify potential molecular pathways or 
processes related to host identity and/or stage.

We especially address the following questions:  

1) What is the fungal “core transcriptome” induced by all three different 
host plants? 

2) Which fungal genes are expressed at different stages of the symbiotic 
interaction in Medicago?
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Keymer et al., 2017; Bravo et al., 2017; Jiang et al., 2017). MtSTR and 
MtSTR2 are specifically expressed in arbuscule-containing cells where 
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2010). However, it remains elusive how AM fungi take up lipid precursors 
from the host at the symbiotic interface. Seven fungal ABC multidrug 
transporters (RirG246880, RirG181250, RirG150000, RirG134600, 
RirG049700, RirG010050, RirG187430) were found to be induced by all 
host plants (Table S2). Four of them were induced in planta, including 
RirG010050, RirG181250, RirG246880, RirG187430 (Table S2). Two of 
them (RirG181250, RirG246880) were specifically induced in arbuscules 
(Table S2). It is tempting to speculate that these ABC transporters may 
mediate lipid uptake from the hosts. Alternatively, lipids can be transported 
by other transporter families. For instance, major facilitator family (MFS) 
transporters were proposed to facilitate transport of a wide range of small 
molecules such as oligosaccharides, amino acids as well as lipids (Madej, 
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RirG129060) that are induced in the symbiosis with all three hosts. Some 
of them (RirG019750, RirG204650, RirG181270, RirG178390) were 
expressed in an ARB-enriched manner (Table S2). Recent research using 
electron microscopy and tomography revealed extensive extracellular 
vesicular structure at the plant-fungal interface (Ivanov et al., 2019; Roth 
et al., 2019). This raises the idea  that fatty acids/lipid precursors may 
be transported via extracellular vesicles (Ivanov et al., 2019; Roth et al., 
2019). Another intriguing possibility is the involvement of fungal effector 
proteins to facilitate the uptake of fatty acids. For example, elicitins, 
effectors secreted by Phytophthora and Pythium species, act as shuttles 
to take up sterols (and other lipids) from the host plants (Blein et al., 
2002; Derevnina et al., 2016). Although, homologs of elicitins were not 
identified in R. irregularis, several secreted effector-like proteins contain 
lipid binding ML2 domains (Inohara and Nuñez, 2002). It is tempting to 
speculate that some of these effectors may play a similar role as elicitins 
to take up fatty acids from plants (Chapter 2).

Several transport-related “core” symbiotic genes encode for proteins 
that are predicted to play a role in metal ion transmembrane transport. 
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For example, metal ion transporters such as iron (jgi_p_Gloin1_347887/
RiFTR1 and RirG259560/ RiFTR2, Tamayo et al., 2018), copper 
(RirG113850/RiCTR2, Tamayo et al., 2014), magnesium (RirG095430), 
nickel (RirG219210), zinc (RirG090540), calcium (RirG195010) and 
potassium (RirG018800, RirG095440) transporters are induced by all 
three hosts (Table S2). A cora-domain containing ion transporter gene 
(RirG022670) that may mediate Mg2+ or Co2+ transport, and a Co/Zn/
Cd efflux protein-coding gene (RirG194860) were also induced by all three 
host plants (Table S2). It will be interesting to investigate whether these 
transporters mediate metal ion uptake from or transport to the hosts. 
The majority of these metal transporters were most highly expressed 
in arbuscules compared to any of the other stages. One of the highest 
expressed metal transporter genes encodes a previously reported plasma 
membrane iron permease, called RiFTR1 (Tamayo et al., 2018). This gene 
(jgi_p_Gloin1_347887) was highest induced in arbuscules (TPM 594 ± SE 
67) compared to IRM (TPM 21 ± SE 6), ERM (15 ± SE 2) or GS (71 ± 
SE 12). Another tonoplast-located iron transporter RiFTR2 (RirG259560, 
Tamayo et al., 2018) was also expressed predominantly in arbuscules. 
These results suggest that AM fungi take up iron at the interface. Even 
higher gene expression was observed for the copper transporter RiCTR2 
(RirG113850). RiCTR2 was proposed to be a tonoplast copper transporter 
which pumps copper into cytosol (Tamayo et al., 2014). In contrast to 
the arbuscule-enriched expression pattern of the iron transporters, 
RirG113850 was highly induced in both ARB (TPM 1807 ± SE 158) 
and IRM (1087 ± SE 72) compared to ERM (14 ± SE 5) and GS (TPM 
54 ± SE 4), suggesting that copper is mobilized from vacuoles to the 
cytosol in arbuscules and intraradical mycelium. A zinc transporter gene 
(RirG090540) was expressed in a similar pattern as RiCTR2, although 
at lower levels (Table S2). In addition, a  potassium transporter gene 
(RirG018800) and a magnesium transporter gene (RirG095430) also 
showed ARB-enriched expression compared to other stages (Table S2). 
Taken together, these results indicate that regulation of metal homeostasis 
in the fungus plays an important role during the intraradical stages of the 
interaction . This may also be related to the ability of AM fungi to alleviate 
(heavy) metal toxicity in their hosts (Tamayo et al., 2014).

Oxidation reduction and tetrapyrrole binding
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Abstract

Arbuscular mycorrhizal (AM) fungi can establish a symbiosis with the vast 
majority of land plants. So far, molecular research into this interaction 
has mostly focused on the identification of (conserved) plant components 
required to establish a successful symbiosis. However, how AM fungi 
respond and adapt to different hosts is still largely unknown. The recent 
availability of a fungal genome sequence together with high genome-
wide transcriptome analyses has started to provide first molecular insight 
into the fungal aspects of this key symbiosis. In Chapter 2 we focused 
on the secretome of the AM fungus Rhizophagus irregularis in three 
evolutionary distantly-related host plants and at different stages of the 
interaction. This showed that the fungus can adjust its secretome in a 
host- and stage-dependent manner. To get more genome-wide insight 
into fungal gene regulation, we here re-analyzed the expression profiles 
and performed Gene Ontology enrichment analyses to identify biological 
processes or functions related to host identity and stage. This identified 
a core set of 846 fungal genes, commonly induced (> 2 fold) by three 
different hosts compared to germinating spores, showing an enrichment in 
genes encoding proteins involved in transmembrane transport, oxidation-
reduction and tetrapyrrole binding and transferase activities. We discuss 
the role of several of these proteins and especially highlight the role of 
predicted transporters at different stages of the interaction. In addition 
to the commonly expressed genes, 412 genes were expressed in a host-
dependent manner. The potential roles of such genes are discussed based 
on the GO-enrichment analyses. Overall, this work highlights the host- 
and stage-dependent regulation of the fungal transcriptome and offers a 
valuable dataset for further research into the fungal aspects of this key 
symbiosis. 

Introduction

Arbuscular mycorrhizal fungi are obligate biotrophic fungi that form a 
symbiotic interaction with the vast majority of all land plants (Smith and 
Read, 2008). The ability of AM fungi to colonize such a wide range of hosts 
suggests that they must have evolved efficient mechanisms to adapt to 
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In addition to the transmembrane transport related genes, GO-term 
enrichment analysis identified genes encoding proteins related to 
oxidation and reduction, tetrapyrrole binding and transferase activities to 
be enriched in the “core” symbiotic fungal transcriptome (Fig. 3). 

Genes related to the GO-terms oxidation and reduction that are enriched 
are involved in secondary metabolism; examples are cytochrome P450s 
(38 out of 99 genes, Table S2). Fungal secondary metabolites may function 
as signal molecules, virulence factors or cellular detoxifying reagents  
(Macheleidt et al., 2016).  It was reported that some secondary metabolic 
pathways can be induced by local environmental factors such as low pH 
or reactive oxygen species (ROS) (Macheleidt et al., 2016). Therefore, 
we speculate that core genes related to secondary metabolism might 
be essential to detoxify ROS, to adapt to the local acidic environment 
surrounding arbuscules, or as virulence factors/signal molecules to 
colonize the hosts. In addition to the cytochrome P450s, we noticed that 
GO-terms related to iron binding, heme binding or transition metal ion 
binding were enriched in oxidation and reduction related genes. Many of 
these genes showed enriched expression especially in the arbuscules. 
Among the 100 core genes related to oxidation and reduction we 
observed 40 genes encoding proteins with presumed iron binding activity 
and 8 genes with copper binding activity. In line with the upregulation 
of metal transporters described above, this indicates an important role 
for metal ions, especially copper and iron, during the symbiosis (Tamayo 
et al., 2014). Among the genes encoding for copper-binding proteins, 
we observed six multicopper oxidases (RirG173440, RirG133820 and 
four Fet5p: RirG134990, RirG228480, RirG065700, RirG147730), a 
copper zinc superoxide dismutase (Cu/Zn SOD, RirG253800) and one 
copper-transporting ATPase (RirG225360). The Cu/Zn SOD gene is highly 
expressed in ARB and IRM, suggesting that metals such as copper and 
zinc may required to detoxify ROS in ARB and IRM. Multicopper oxidases 
such as Fet3p/Fet5p in yeast are required to couple with iron transporters 
to facilitate iron transport (Tamayo et al., 2014). We noticed that almost 
all multicopper oxidases, except for RirG147730, were induced in ARB 
and/or IRM (Table S2). Therefore, it is reasonable to speculate that 
some of them may function in iron transport by coupling with RiFTR1 or 
RiFTR2. Iron is a metal ion has two oxidative forms, Fe3+ (ferric) or Fe2+ 
(ferrous), which are widely used as electron donor/acceptor in biochemical 
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reactions such as lipid metabolism, TCA cycles, glycolysis and secondary 
metabolism. Interestingly, perturbation of iron homeostasis plays also a 
key role during host-pathogen interactions (Expert et al., 1996; Verbon 
et al., 2017). For example, it has been reported that a high affinity iron 
permease expressed in intraradical hyphae of the Ustilago maydis is 
essential for pathogenicity of this biotrophic smut fungus (Eichhorn et al., 
2006). Further, the plant immune system was shown to target the iron 
acquisition system in Pseudomonas syringae to inhibit bacterial growth 
(Nobori et al., 2018). Interestingly, we noticed that all expressed Medicago 
IRT genes, which encode for iron transporters (Vert et al., 2002), were 
specifically downregulated in arbuscule-containing cells (Fig. 4a) These 
data suggest  that AM fungi may take up iron from the peri-arbuscular 
space. It is reported that AM fungi can also facilitate iron uptake by their 
hosts. However, this may be host and/or condition dependent as it was 
shown that AM symbiosis enhanced iron status in sorgum but not in 
peanut (Caris et al., 1998). Whether AM fungi provide iron to or take up 
iron from the host is probably due to the local iron status of AM fungi. 
Iron is considered to be a crucial mineral nutrient for fungal growth, while 
at the same time playing an essential role in plant immunity because 
of its indispensable role to generate ROS. Therefore, iron is considered 
to be tightly co-regulated during plant immune responses, either to 
withhold iron from the microbes or to generate extracellular ROS (Verbon 
et al., 2017). This raises the question whether uptake of iron from the 
peri-arbuscular space is also essential to subvert host immunity. In 
the model plant Arabidopsis thaliana, a β-Glucosidase gene BGLU42 
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Figure 4. Iron-related genes expression (TPM) in Medicago in arbuscules 
(ARB) or intraradical mycelium (IRM). Error bars represent standard error of 
three biological replicates. Student t-test p-values were marked.



63

3

Host- and stage-dependent transcriptome

the local environment of different hosts. They must be able to deal with 
various host immune systems and adjust their metabolism in such a way 
that a mutual beneficial symbiosis is maintained. Although on average 
AM fungi have positive effects on the performance of their host plants, 
numerous studies have reported that the beneficial (growth) effect on the 
plant (referred to as symbiotic efficiency) can vary from mutualistic to 
parasitic depending on both plant and fungal genotypes (Smith and Read, 
2008; Sanders and Croll, 2010; Koch et al., 2017; Watts-Williams et al., 
2019; Mateus et al., 2019). The molecular bases of such differences are 
still completely unknown. In addition to insight into the plant response to 
various AM fungi, it also requires a better understanding of the different 
responses of a single AM fungus to various host plants.

In Chapter 2 we showed that AM fungi respond to different hosts by 
adjusting their secretome. The transcriptome of Rhizophagus irregularis 
DAOM197198 was studied in symbiosis with three evolutionary distantly 
related host species. Furthermore, we showed that they also adjust their 
secretome in a stage-dependent manner. Therefore, laser microdissection 
was used to distinguish several stages of fungal development, including 
arbuscule-containing cells , cortical cells associated with intraradical 
mycelium (growing between cells), extraradical mycelium and germinating 
spores.

To get a better understanding of the transcriptional response of R. 
irregularis to the different hosts and gene regulation at the different 
stages, we performed a broader analysis of the acquired transcriptome 
data described in Chapter 2 using Gene Ontology (GO) enrichment 
analyses. This allowed us to identify potential molecular pathways or 
processes related to host identity and/or stage.

We especially address the following questions:  

1) What is the fungal “core transcriptome” induced by all three different 
host plants? 

2) Which fungal genes are expressed at different stages of the symbiotic 
interaction in Medicago?

74

CHAPTER 3

3

In addition to the transmembrane transport related genes, GO-term 
enrichment analysis identified genes encoding proteins related to 
oxidation and reduction, tetrapyrrole binding and transferase activities to 
be enriched in the “core” symbiotic fungal transcriptome (Fig. 3). 

Genes related to the GO-terms oxidation and reduction that are enriched 
are involved in secondary metabolism; examples are cytochrome P450s 
(38 out of 99 genes, Table S2). Fungal secondary metabolites may function 
as signal molecules, virulence factors or cellular detoxifying reagents  
(Macheleidt et al., 2016).  It was reported that some secondary metabolic 
pathways can be induced by local environmental factors such as low pH 
or reactive oxygen species (ROS) (Macheleidt et al., 2016). Therefore, 
we speculate that core genes related to secondary metabolism might 
be essential to detoxify ROS, to adapt to the local acidic environment 
surrounding arbuscules, or as virulence factors/signal molecules to 
colonize the hosts. In addition to the cytochrome P450s, we noticed that 
GO-terms related to iron binding, heme binding or transition metal ion 
binding were enriched in oxidation and reduction related genes. Many of 
these genes showed enriched expression especially in the arbuscules. 
Among the 100 core genes related to oxidation and reduction we 
observed 40 genes encoding proteins with presumed iron binding activity 
and 8 genes with copper binding activity. In line with the upregulation 
of metal transporters described above, this indicates an important role 
for metal ions, especially copper and iron, during the symbiosis (Tamayo 
et al., 2014). Among the genes encoding for copper-binding proteins, 
we observed six multicopper oxidases (RirG173440, RirG133820 and 
four Fet5p: RirG134990, RirG228480, RirG065700, RirG147730), a 
copper zinc superoxide dismutase (Cu/Zn SOD, RirG253800) and one 
copper-transporting ATPase (RirG225360). The Cu/Zn SOD gene is highly 
expressed in ARB and IRM, suggesting that metals such as copper and 
zinc may required to detoxify ROS in ARB and IRM. Multicopper oxidases 
such as Fet3p/Fet5p in yeast are required to couple with iron transporters 
to facilitate iron transport (Tamayo et al., 2014). We noticed that almost 
all multicopper oxidases, except for RirG147730, were induced in ARB 
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reactions such as lipid metabolism, TCA cycles, glycolysis and secondary 
metabolism. Interestingly, perturbation of iron homeostasis plays also a 
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Figure 4. Iron-related genes expression (TPM) in Medicago in arbuscules 
(ARB) or intraradical mycelium (IRM). Error bars represent standard error of 
three biological replicates. Student t-test p-values were marked.
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Abstract

Arbuscular mycorrhizal (AM) fungi can establish a symbiosis with the vast 
majority of land plants. So far, molecular research into this interaction 
has mostly focused on the identification of (conserved) plant components 
required to establish a successful symbiosis. However, how AM fungi 
respond and adapt to different hosts is still largely unknown. The recent 
availability of a fungal genome sequence together with high genome-
wide transcriptome analyses has started to provide first molecular insight 
into the fungal aspects of this key symbiosis. In Chapter 2 we focused 
on the secretome of the AM fungus Rhizophagus irregularis in three 
evolutionary distantly-related host plants and at different stages of the 
interaction. This showed that the fungus can adjust its secretome in a 
host- and stage-dependent manner. To get more genome-wide insight 
into fungal gene regulation, we here re-analyzed the expression profiles 
and performed Gene Ontology enrichment analyses to identify biological 
processes or functions related to host identity and stage. This identified 
a core set of 846 fungal genes, commonly induced (> 2 fold) by three 
different hosts compared to germinating spores, showing an enrichment in 
genes encoding proteins involved in transmembrane transport, oxidation-
reduction and tetrapyrrole binding and transferase activities. We discuss 
the role of several of these proteins and especially highlight the role of 
predicted transporters at different stages of the interaction. In addition 
to the commonly expressed genes, 412 genes were expressed in a host-
dependent manner. The potential roles of such genes are discussed based 
on the GO-enrichment analyses. Overall, this work highlights the host- 
and stage-dependent regulation of the fungal transcriptome and offers a 
valuable dataset for further research into the fungal aspects of this key 
symbiosis. 

Introduction

Arbuscular mycorrhizal fungi are obligate biotrophic fungi that form a 
symbiotic interaction with the vast majority of all land plants (Smith and 
Read, 2008). The ability of AM fungi to colonize such a wide range of hosts 
suggests that they must have evolved efficient mechanisms to adapt to 
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controls the secretion of the iron-chelating phenolic compound coumarin 
under iron deficiency (Zamioudis et al., 2014). BGLU42 converts the 
coumarin scopolin to scopoletin, which can be secreted to the apoplast 
or rhizosphere (Stringlis et al., 2018). Secreted scopoletin on one hand 
can chelate Fe3+ to bring it to the membrane-bound ferric reductase to 
be reduced for uptake (Stringlis et al., 2018). Additionally, it can directly 
inhibit the activity of fungal pathogens such as Fusarium oxysporum and 
Verticillium dahliae (Stringlis et al., 2018). Interestingly, we noticed that 
the Medicago orthologs (Medtr3g033790, Medtr3g033810) of AtBGLU42 
are downregulated in arbuscule-containing cells compared to cells 
surrounding intercellular hyphae (Fig. 4b). Therefore, downregulation 
of host BGLU42 in arbuscule-containing cells might be crucial for the 
fungus to absorb iron from the peri-arbuscular space while avoiding the 
toxification of the fungus. Taken together, these results suggest that 
plants and AM fungi may have evolved a cooperative mechanism for iron 
transport to feed the fungi, while avoiding the induction of iron-dependent 
plant immune responses. 

Transferase activity

We also observed enriched molecular functions related to transferase 
activities, such as methyltransferase activity and glycosyltransferase 
activity (Fig. 3). Among the 29 genes predicted to convey 
methyltransferase activity, 3 were annotated as DNA methyltransferases 
(RirG033390, RirG058940, RirG269690). Two of them (RirG058940 and 
RirG269690) were induced in ARB and/or IRM (Table S2), suggesting that 
epigenetic changes, such as DNA methylation, are triggered during the 
colonization of plants. It has been reported that AM inoculation enhances 
host DNA methylation (Varga and Soulsbury, 2018). However due to 
the limitation of the method used, this study was unable to distinguish 
between DNA methylation in the plant or fungus. Therefore, part of 
the enhanced DNA methylation might have occurred in the fungus. In 
addition, two methyltransferases (RirG228170 and RirG172140, Table 
S2) involved in fatty acid metabolism, which are annotated as sterol 
24-C methyltransferase and cyclopropane-fatty-acyl-phospholipid 
synthase respectively, were induced in all hosts, supporting an active 
lipid metabolism during upon symbiosis. Among them, the cyclopropane-
fatty-acyl-phospholipid synthase (RirG172140) is expressed especially in 
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the arbuscules. Among the induced genes encoding glycosyltransferases, 
we detected several chitin synthase genes (RirG064340, RirG085340, 
RirG173030, RirG266310, Table S2). All chitin synthase genes showed 
highest expression in arbuscules compared to the other stages, 
suggesting that cell wall remodeling is most active in arbuscules. In 
addition, adenine-(RirG231270), uracil-(RirG128640) and amido-
(RirG034140) phosphoribosyltransferases were found to be induced by all 
three hosts (Table S2). Except for the amido-phosphoribosyltransferases 
(RirG034140), both adenine-(RirG231270) and uracil-( RirG128640) 
phosphoribosyltransferases were strongly active in ARB and/or IRM 
(Table S2), pointing to increased nucleoside metabolism in the intraradical 
stages. This could be related to a higher energy demand and active fungal 
growth at these stages.

Host-dependent transcriptome

In addition to the induced core genes shared by the different hosts, we 
next examined host-dependent gene expression profiles. Therefore, we 
performed 1-on-1 comparisons on the transcriptome data from the three 
hosts to look for genes that are significantly enriched (Fold-change > 2; 
FDR p < 0.05) in each host. This revealed 224 host-dependent genes 
(including 7 putative effectors) that show enriched expression in Chives, 
104 genes (including 22 putative effectors) enriched in Medicago and 
84 (including 25 putative effectors) in Nicotiana (Fig. 5a). The two dicot 
hosts showed more overlap (172 genes, including 23 putative effectors) 
compared to Nicotiana/Chives (157, including 15 putative effectors) and 
Medicago/Chives (116, including 4 putative effectors) (Fig. 5a). 90% 
of expressed genes are commonly expressed in all host (7336/8193). 
In total, 857 out of 8193 expressed genes showed host-dependent 
expression. Genes encoding for putative effectors showed relatively more 
host-dependent regulation compared to non-secreted proteins (96 out 
of 292), suggesting that effectors may play an important role in host-
dependent colonization. However, this does not seem to be the rule for 
all hosts, as only a very low fraction of effectors were enriched in chives 
compared to the other two hosts. 

To get a clue on the molecular role of the host-dependent genes we again 
used the Bingo plugin in Cytoscape for a GO-enrichment analysis. 
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the local environment of different hosts. They must be able to deal with 
various host immune systems and adjust their metabolism in such a way 
that a mutual beneficial symbiosis is maintained. Although on average 
AM fungi have positive effects on the performance of their host plants, 
numerous studies have reported that the beneficial (growth) effect on the 
plant (referred to as symbiotic efficiency) can vary from mutualistic to 
parasitic depending on both plant and fungal genotypes (Smith and Read, 
2008; Sanders and Croll, 2010; Koch et al., 2017; Watts-Williams et al., 
2019; Mateus et al., 2019). The molecular bases of such differences are 
still completely unknown. In addition to insight into the plant response to 
various AM fungi, it also requires a better understanding of the different 
responses of a single AM fungus to various host plants.

In Chapter 2 we showed that AM fungi respond to different hosts by 
adjusting their secretome. The transcriptome of Rhizophagus irregularis 
DAOM197198 was studied in symbiosis with three evolutionary distantly 
related host species. Furthermore, we showed that they also adjust their 
secretome in a stage-dependent manner. Therefore, laser microdissection 
was used to distinguish several stages of fungal development, including 
arbuscule-containing cells , cortical cells associated with intraradical 
mycelium (growing between cells), extraradical mycelium and germinating 
spores.

To get a better understanding of the transcriptional response of R. 
irregularis to the different hosts and gene regulation at the different 
stages, we performed a broader analysis of the acquired transcriptome 
data described in Chapter 2 using Gene Ontology (GO) enrichment 
analyses. This allowed us to identify potential molecular pathways or 
processes related to host identity and/or stage.

We especially address the following questions:  

1) What is the fungal “core transcriptome” induced by all three different 
host plants? 

2) Which fungal genes are expressed at different stages of the symbiotic 
interaction in Medicago?
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the arbuscules. Among the induced genes encoding glycosyltransferases, 
we detected several chitin synthase genes (RirG064340, RirG085340, 
RirG173030, RirG266310, Table S2). All chitin synthase genes showed 
highest expression in arbuscules compared to the other stages, 
suggesting that cell wall remodeling is most active in arbuscules. In 
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Abstract

Arbuscular mycorrhizal (AM) fungi can establish a symbiosis with the vast 
majority of land plants. So far, molecular research into this interaction 
has mostly focused on the identification of (conserved) plant components 
required to establish a successful symbiosis. However, how AM fungi 
respond and adapt to different hosts is still largely unknown. The recent 
availability of a fungal genome sequence together with high genome-
wide transcriptome analyses has started to provide first molecular insight 
into the fungal aspects of this key symbiosis. In Chapter 2 we focused 
on the secretome of the AM fungus Rhizophagus irregularis in three 
evolutionary distantly-related host plants and at different stages of the 
interaction. This showed that the fungus can adjust its secretome in a 
host- and stage-dependent manner. To get more genome-wide insight 
into fungal gene regulation, we here re-analyzed the expression profiles 
and performed Gene Ontology enrichment analyses to identify biological 
processes or functions related to host identity and stage. This identified 
a core set of 846 fungal genes, commonly induced (> 2 fold) by three 
different hosts compared to germinating spores, showing an enrichment in 
genes encoding proteins involved in transmembrane transport, oxidation-
reduction and tetrapyrrole binding and transferase activities. We discuss 
the role of several of these proteins and especially highlight the role of 
predicted transporters at different stages of the interaction. In addition 
to the commonly expressed genes, 412 genes were expressed in a host-
dependent manner. The potential roles of such genes are discussed based 
on the GO-enrichment analyses. Overall, this work highlights the host- 
and stage-dependent regulation of the fungal transcriptome and offers a 
valuable dataset for further research into the fungal aspects of this key 
symbiosis. 
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Arbuscular mycorrhizal fungi are obligate biotrophic fungi that form a 
symbiotic interaction with the vast majority of all land plants (Smith and 
Read, 2008). The ability of AM fungi to colonize such a wide range of hosts 
suggests that they must have evolved efficient mechanisms to adapt to 
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Figure 5. Host-dependent gene expression of Rhizophagus irregularis. (a) 
8193 expressed genes were grouped according to FDR-p <0.05 and fold-change 
>2. Host-dependent genes were then used for gene ontology (GO) enrichment 
analyses. GO enrichment results are shown in b (Chives), c (Nicotiana), d 
(Medicago), e (Medicago and Nicotiana), f (Medicago and Chives) and g (Nicotiana 
and Chives). Results were generated using Enrichmentmap. Nodes represent gene 
sets. Node size represents the number of genes in the gene set. Node fill represents 
enrichment score (q-value). Edge width represents the number of genes that overlap 
between a pair of gene sets.
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the local environment of different hosts. They must be able to deal with 
various host immune systems and adjust their metabolism in such a way 
that a mutual beneficial symbiosis is maintained. Although on average 
AM fungi have positive effects on the performance of their host plants, 
numerous studies have reported that the beneficial (growth) effect on the 
plant (referred to as symbiotic efficiency) can vary from mutualistic to 
parasitic depending on both plant and fungal genotypes (Smith and Read, 
2008; Sanders and Croll, 2010; Koch et al., 2017; Watts-Williams et al., 
2019; Mateus et al., 2019). The molecular bases of such differences are 
still completely unknown. In addition to insight into the plant response to 
various AM fungi, it also requires a better understanding of the different 
responses of a single AM fungus to various host plants.

In Chapter 2 we showed that AM fungi respond to different hosts by 
adjusting their secretome. The transcriptome of Rhizophagus irregularis 
DAOM197198 was studied in symbiosis with three evolutionary distantly 
related host species. Furthermore, we showed that they also adjust their 
secretome in a stage-dependent manner. Therefore, laser microdissection 
was used to distinguish several stages of fungal development, including 
arbuscule-containing cells , cortical cells associated with intraradical 
mycelium (growing between cells), extraradical mycelium and germinating 
spores.

To get a better understanding of the transcriptional response of R. 
irregularis to the different hosts and gene regulation at the different 
stages, we performed a broader analysis of the acquired transcriptome 
data described in Chapter 2 using Gene Ontology (GO) enrichment 
analyses. This allowed us to identify potential molecular pathways or 
processes related to host identity and/or stage.

We especially address the following questions:  

1) What is the fungal “core transcriptome” induced by all three different 
host plants? 

2) Which fungal genes are expressed at different stages of the symbiotic 
interaction in Medicago?
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Figure 5. Host-dependent gene expression of Rhizophagus irregularis. (a) 
8193 expressed genes were grouped according to FDR-p <0.05 and fold-change 
>2. Host-dependent genes were then used for gene ontology (GO) enrichment 
analyses. GO enrichment results are shown in b (Chives), c (Nicotiana), d 
(Medicago), e (Medicago and Nicotiana), f (Medicago and Chives) and g (Nicotiana 
and Chives). Results were generated using Enrichmentmap. Nodes represent gene 
sets. Node size represents the number of genes in the gene set. Node fill represents 
enrichment score (q-value). Edge width represents the number of genes that overlap 
between a pair of gene sets.
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Abstract

Arbuscular mycorrhizal (AM) fungi can establish a symbiosis with the vast 
majority of land plants. So far, molecular research into this interaction 
has mostly focused on the identification of (conserved) plant components 
required to establish a successful symbiosis. However, how AM fungi 
respond and adapt to different hosts is still largely unknown. The recent 
availability of a fungal genome sequence together with high genome-
wide transcriptome analyses has started to provide first molecular insight 
into the fungal aspects of this key symbiosis. In Chapter 2 we focused 
on the secretome of the AM fungus Rhizophagus irregularis in three 
evolutionary distantly-related host plants and at different stages of the 
interaction. This showed that the fungus can adjust its secretome in a 
host- and stage-dependent manner. To get more genome-wide insight 
into fungal gene regulation, we here re-analyzed the expression profiles 
and performed Gene Ontology enrichment analyses to identify biological 
processes or functions related to host identity and stage. This identified 
a core set of 846 fungal genes, commonly induced (> 2 fold) by three 
different hosts compared to germinating spores, showing an enrichment in 
genes encoding proteins involved in transmembrane transport, oxidation-
reduction and tetrapyrrole binding and transferase activities. We discuss 
the role of several of these proteins and especially highlight the role of 
predicted transporters at different stages of the interaction. In addition 
to the commonly expressed genes, 412 genes were expressed in a host-
dependent manner. The potential roles of such genes are discussed based 
on the GO-enrichment analyses. Overall, this work highlights the host- 
and stage-dependent regulation of the fungal transcriptome and offers a 
valuable dataset for further research into the fungal aspects of this key 
symbiosis. 

Introduction

Arbuscular mycorrhizal fungi are obligate biotrophic fungi that form a 
symbiotic interaction with the vast majority of all land plants (Smith and 
Read, 2008). The ability of AM fungi to colonize such a wide range of hosts 
suggests that they must have evolved efficient mechanisms to adapt to 
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Chives-enriched genes

Among the genes showing higher expression in Chives compared to the 
other two hosts, genes associated with the GO-term oxidoreductase 
activity were enriched. We especially observed genes enriched related 
to heme binding, tetrapyrrole binding, iron binding and oxidoreductase 
activity (Fig. 5b). Of the 26 genes showing oxidoreductase activity, 11 
(RirG262020, RirG134710, RirG037340, RirG180500, RirG075590, 
RirG191460, RirG133840, RirG208770, RirG259940, RirG134680, 
RirG134670) encode cytochrome P450 (Table S3). Most of those genes 
were expressed highest in ERM or in germinating spores. However, 
two genes (RirG262020, RirG134680) were expressed in an ARB-
dependent manner, suggesting that they may be involved in arbuscule-
dependent secondary metabolism. Among the genes with annotation, a 
gene annotated as beta-lg-H3 fasciclin (RirG182600) was found (Table 
S3). Fasciclins are membrane bound glycoproteins that are present in 
all kingdoms of living organisms (Seifert, 2018) and are considered to 
function in cell adhesion (Kim et al., 2000). A fungal fasciclin-like protein 
has been reported to be involved in pathogenicity of the biotrophic rice 
blast fungus Magnaporthe oryzae (Liu et al., 2009). A recent proteome 
research also detected two fungal fasciclin-domain containing secreted 
proteins in bean leaves infected by the biotrophic rust fungus Uromyces 
appendiculatus (Cooper et al., 2016). Fasciclin-domain containing 
proteins are aslo very prevalent in symbiotic intractions, as they have 
been discovered in a wide range of symbioses, including Nostoc-
lichen, rhizobium-legume, and alga-cnidarian symbioses  (Paulsrud and 
Lindblad, 2002). Considering the general role of the fasciclin domain in 
cell adhesion, we speculate that the AM fasciclin plays a similar role in 
the contact with plant cells. Additionally, we found a fatty acid desaturase 
(RirG048640), a fatty acid ligase (RirG198740) and a fatty acid oxygenase 
(RirG030490) that were higher induced in Chives compared to Nicotiana 
and Medicago (Table S3), indicating that AM fungi may have host-
dependent lipid metabolic processes. Whether the higher expression of 
these genes in Chives compared to Medicago and Nicotiana means that 
AM fungi receive different fatty acids from different hosts remains to be 
studied. Intriguingly, a recent study by Kameoka et al. (2019) suggested 
that different AM fungi respond differently to fatty acids in relation to 
sporulation activity. It would be highly interesting to test whether this may 
be linked to host preferences observed in nature for distinct AM fungal 
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interactions.  Two zinc transporter genes (RirG090540 and RirG021750) 
were expressed in a Chives-dependent manner (Table S3). This may 
indicate that AM fungi consume or mobilize more zinc when they colonize 
Chives. Interestingly, two enzymes involved in tRNA modification, tRNA 
(cytidine(32) guanosine(34)-2 -O)-methyltransferase, and tRNA uridine 
5-carboxymethylaminomethyl modification enzyme were also enriched 
specifically in Chives (Table S3). Host-dependent expression of the tRNA 
modification enzymes suggests that AM fungi may regulate translation 
or ribosome structure in a host-dependent manner. In a  recent study, 
a heterogeneous non-tandem rDNA structure has been observed for AM 
fungi (Maeda et al., 2018). A similar heterogenous rDNA structure was 
observed in the malaria parasite Plasmodium and this was hypothesized 
to alter ribosome properties, affecting translation, to facilitate host 
adaptation to different hosts (Maeda et al., 2018). 

Nicotiana-enriched genes

GO-term analyses revealed an enrichment of Nicotiana-dependent 
genes related to endopeptidases activity (Fig. 5c/Table S3). Among 84 
genes, there were 6 serine endopeptidase encoding genes (RirG017560, 
RirG169540, RirG134450, RirG082240, RirG226960, RirG057150, Table 
S3). These may play a role in the processing of (pre-)proteins that may 
be essential to colonize Nicotiana. Recent genomic and transcriptomic 
analyses indicate that several putative AM fungal effectors including 
the previously identified SP7 might be processed by a subtilisin-type 
serine endopeptidase KEX2 before secretion (Kamel, Tang, et al., 2017). 
Therefore, it will be interesting to investigate whether host-dependent 
proteases regulate the modification of fungal effectors. Another possibility 
is that the secreted peptidases target plant proteins to suppress defense 
responses. 

Medicago-enriched genes

The 104 Medicago-dependent genes (Table S3) were enriched in genes 
related to amino acid metabolic processes, guanyl ribonucleotide binding 
activity and monoxygenase acitivity (Fig. 5d). 

Genes associated with guanyl ribonucleotide binding activity encode 
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the local environment of different hosts. They must be able to deal with 
various host immune systems and adjust their metabolism in such a way 
that a mutual beneficial symbiosis is maintained. Although on average 
AM fungi have positive effects on the performance of their host plants, 
numerous studies have reported that the beneficial (growth) effect on the 
plant (referred to as symbiotic efficiency) can vary from mutualistic to 
parasitic depending on both plant and fungal genotypes (Smith and Read, 
2008; Sanders and Croll, 2010; Koch et al., 2017; Watts-Williams et al., 
2019; Mateus et al., 2019). The molecular bases of such differences are 
still completely unknown. In addition to insight into the plant response to 
various AM fungi, it also requires a better understanding of the different 
responses of a single AM fungus to various host plants.

In Chapter 2 we showed that AM fungi respond to different hosts by 
adjusting their secretome. The transcriptome of Rhizophagus irregularis 
DAOM197198 was studied in symbiosis with three evolutionary distantly 
related host species. Furthermore, we showed that they also adjust their 
secretome in a stage-dependent manner. Therefore, laser microdissection 
was used to distinguish several stages of fungal development, including 
arbuscule-containing cells , cortical cells associated with intraradical 
mycelium (growing between cells), extraradical mycelium and germinating 
spores.

To get a better understanding of the transcriptional response of R. 
irregularis to the different hosts and gene regulation at the different 
stages, we performed a broader analysis of the acquired transcriptome 
data described in Chapter 2 using Gene Ontology (GO) enrichment 
analyses. This allowed us to identify potential molecular pathways or 
processes related to host identity and/or stage.

We especially address the following questions:  

1) What is the fungal “core transcriptome” induced by all three different 
host plants? 

2) Which fungal genes are expressed at different stages of the symbiotic 
interaction in Medicago?
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interactions.  Two zinc transporter genes (RirG090540 and RirG021750) 
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a heterogeneous non-tandem rDNA structure has been observed for AM 
fungi (Maeda et al., 2018). A similar heterogenous rDNA structure was 
observed in the malaria parasite Plasmodium and this was hypothesized 
to alter ribosome properties, affecting translation, to facilitate host 
adaptation to different hosts (Maeda et al., 2018). 
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Abstract

Arbuscular mycorrhizal (AM) fungi can establish a symbiosis with the vast 
majority of land plants. So far, molecular research into this interaction 
has mostly focused on the identification of (conserved) plant components 
required to establish a successful symbiosis. However, how AM fungi 
respond and adapt to different hosts is still largely unknown. The recent 
availability of a fungal genome sequence together with high genome-
wide transcriptome analyses has started to provide first molecular insight 
into the fungal aspects of this key symbiosis. In Chapter 2 we focused 
on the secretome of the AM fungus Rhizophagus irregularis in three 
evolutionary distantly-related host plants and at different stages of the 
interaction. This showed that the fungus can adjust its secretome in a 
host- and stage-dependent manner. To get more genome-wide insight 
into fungal gene regulation, we here re-analyzed the expression profiles 
and performed Gene Ontology enrichment analyses to identify biological 
processes or functions related to host identity and stage. This identified 
a core set of 846 fungal genes, commonly induced (> 2 fold) by three 
different hosts compared to germinating spores, showing an enrichment in 
genes encoding proteins involved in transmembrane transport, oxidation-
reduction and tetrapyrrole binding and transferase activities. We discuss 
the role of several of these proteins and especially highlight the role of 
predicted transporters at different stages of the interaction. In addition 
to the commonly expressed genes, 412 genes were expressed in a host-
dependent manner. The potential roles of such genes are discussed based 
on the GO-enrichment analyses. Overall, this work highlights the host- 
and stage-dependent regulation of the fungal transcriptome and offers a 
valuable dataset for further research into the fungal aspects of this key 
symbiosis. 

Introduction

Arbuscular mycorrhizal fungi are obligate biotrophic fungi that form a 
symbiotic interaction with the vast majority of all land plants (Smith and 
Read, 2008). The ability of AM fungi to colonize such a wide range of hosts 
suggests that they must have evolved efficient mechanisms to adapt to 
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proteins with GTP binding or GTPase activity (RirG103750, RirG112970, 
RirG192840, RirG192850, RirG234000, RirG251710, RirG093940). Two 
of these genes (RirG112970, RirG234000) are highly induced in ARB and 
IRM (Table S3), indicating that they might be important for intraradical 
colonization. Among the genes related to amino acid metabolic 
processes, we mainly observed genes related to ornithine, arginine or 
glutamine metabolism. A glutamine synthetase (RirG081420) and a gene 
encoding a carbamoyl-phosphate synthase small chain (RirG211460), 
which catalyzes the transition from glutamine to ammonia, were 
highly expressed in Medicago (Table S3). Generated ammonia can be 
used by the carbamoyl-phosphate large chain to synthesize carbamoyl 
phosphate, a precursor of arginine biosynthesis. Consistently, we also 
noticed that carbamoyl-phosphate large chain (RirG132190) and 
ornithine carbamoyltransferase (RirG132210) are also higher expressed 
in Medicago compared to the other two hosts (Table S3). Except for 
RirG132210, which was mainly expressed in GS, all the other genes were 
most highly expressed in both ERM and GS (Table S3). All three enzymes 
are operating in pyrimidine biosynthesis, arginine biosynthesis or the 
urea cycle. In addition, an argininosuccinate lyase (RirG187750) and an 
argininosuccinate synthetase (RirG111970) which function in arginine 
biosynthesis, were found among the Medicago-dependent genes (Table 
S3). Both of them showed strong expression in ERM (Table S3). These 
results suggest that nitrogen metabolism in the fungus is more active 
when colonizing Medicago. As a legume, Medicago has a high demand for 
nitrogen to sustain its high protein levels. Since arginine is thought to be 
the main nitrogen-storage form that is transported from the ERM to the 
IRM, it may be that the higher N-demand of Medicago triggers a higher 
N-supply by the fungus. 

Genes with monoxygenase activity include five cytochrome P450 genes 
(RirG266190, RirG262310, RirG066260, RirG091350, RirG091380) that 
were higher expressed in Medicago compared to Chives and Nicotiana (Table 
S3). Four of them (RirG266190, RirG091380, RirG066260, RirG091350) 
showed the highest expression in arbuscules (Table S3), suggesting an 
important function in arbuscule development or maintenance through 
the formation of secondary metabolites or detoxification of host-specific 
metabolites. As potential candidate transcription factors that may control 
some of the host-dependent genes we found two AP-1 type transcription 
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factors (RirG251910, RirG150060) to be expressed in a Medicago-
dependent manner (Table S3). Fungi, especially fungal pathogens, have 
evolved efficient mechanisms to detoxify ROS, for example by producing 
enzymes such as superoxide dismutase, catalases, peroxidases or 
redoxins. It was reported that an AP1-like bZIP transcription factor 
confers oxidative stress resistance in Sacchromyces cerevisiae by 
regulating thioredoxin expression (Toone et al., 2001; Kuge and Jones, 
1994). Its ortholog in the rice blast fungus Magnaporthe oryzae, called 
MoAP1, mediates the oxidative stress resistance and is essential for 
pathogenicity (Guo et al., 2011). AP1-like transcription factors have 
also been implicated in symbiotic interactions, as an AP1 transcription 
factor was shown to regulate redox status in the symbiotic fungus 
Epichloe festucae (Cartwright and Scott, 2013). We found that the two R. 
irregularis AP1-like transcription factors (RirG251910 and RirG150060) 
were predominantly expressed in arbuscules (Table S3). Therefore, it is 
interesting to investigate whether these AP1-like transcription factors 
control redox-related or ROS detoxification processes in arbuscule cells 
in a host-dependent manner. 

Medicago- and Nicotiana-enriched genes

Among the 172 genes enriched in the two dicot plants (Table S3), we 
observed an GO-enrichment of genes related to the cytoskeleton (Fig. 
5e, Table S3). These include for example an alpha tubulin (RirG146020) 
and a beta tubulin (RirG118260). In addition, many sugar metabolic 
genes were found to be expressed in a dicot dependent manner (Table 
S3). These include a glucooligosaccharide oxidase (RirG137100), a 
glycogen synthase (RirG001390), a glycosyltransferase (RirG192350), 
an UDP-glucose-6-dehydrogenase (RirG081670) and an alpha-amylase 
(RirG109680). Moreover, two genes involved in chitin metabolism and 
biosynthesis, a glucosamine-6-phosphate isomerase 1 (RirG009480) and 
a chitin synthase export chaperone (RirG071350) are more expressed 
in the 2 dicots compared to Chives (Table S3), suggesting that AM fungi 
may undergo specific fungal cell wall remodelling in different hosts. 
Additionally, we found genes related to iron transport, including the 
previously mentioned iron transporter  RiFTR1 (Tamayo et al., 2018), 
that are much higher induced in the symbiosis with the two dicot hosts 
rather than the monocot Chives (Table S3). Interestingly, we found one 
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the local environment of different hosts. They must be able to deal with 
various host immune systems and adjust their metabolism in such a way 
that a mutual beneficial symbiosis is maintained. Although on average 
AM fungi have positive effects on the performance of their host plants, 
numerous studies have reported that the beneficial (growth) effect on the 
plant (referred to as symbiotic efficiency) can vary from mutualistic to 
parasitic depending on both plant and fungal genotypes (Smith and Read, 
2008; Sanders and Croll, 2010; Koch et al., 2017; Watts-Williams et al., 
2019; Mateus et al., 2019). The molecular bases of such differences are 
still completely unknown. In addition to insight into the plant response to 
various AM fungi, it also requires a better understanding of the different 
responses of a single AM fungus to various host plants.

In Chapter 2 we showed that AM fungi respond to different hosts by 
adjusting their secretome. The transcriptome of Rhizophagus irregularis 
DAOM197198 was studied in symbiosis with three evolutionary distantly 
related host species. Furthermore, we showed that they also adjust their 
secretome in a stage-dependent manner. Therefore, laser microdissection 
was used to distinguish several stages of fungal development, including 
arbuscule-containing cells , cortical cells associated with intraradical 
mycelium (growing between cells), extraradical mycelium and germinating 
spores.

To get a better understanding of the transcriptional response of R. 
irregularis to the different hosts and gene regulation at the different 
stages, we performed a broader analysis of the acquired transcriptome 
data described in Chapter 2 using Gene Ontology (GO) enrichment 
analyses. This allowed us to identify potential molecular pathways or 
processes related to host identity and/or stage.

We especially address the following questions:  

1) What is the fungal “core transcriptome” induced by all three different 
host plants? 

2) Which fungal genes are expressed at different stages of the symbiotic 
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to the commonly expressed genes, 412 genes were expressed in a host-
dependent manner. The potential roles of such genes are discussed based 
on the GO-enrichment analyses. Overall, this work highlights the host- 
and stage-dependent regulation of the fungal transcriptome and offers a 
valuable dataset for further research into the fungal aspects of this key 
symbiosis. 

Introduction

Arbuscular mycorrhizal fungi are obligate biotrophic fungi that form a 
symbiotic interaction with the vast majority of all land plants (Smith and 
Read, 2008). The ability of AM fungi to colonize such a wide range of hosts 
suggests that they must have evolved efficient mechanisms to adapt to 
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IucA / IucC gene (RirG008590; RiSID1, Tamayo et al., 2014) which may 
regulate siderophore biosynthesis that is expressed in a dicot-dependent 
and ARB-dependent manner (Table S3). It was shown that AM fungi can 
produce carboxylate siderophores, such as glomuferrin (Winkelmann, 
2017). Siderophores are iron-chelating secondary metabolites that are 
widely used by microbes and plants for iron uptake or maintenance of iron 
homeostasis. Pathogenic fungi mutated for genes involved in siderophore 
biosynthetic genes are typically severely impaired in pathogenesis 
(Verbon et al., 2017; Oide et al., 2006). Moreover, the beneficial effect 
provided by the mutualistic endophyte Epichloe festucae was impaired 
after mutation of extracellular siderophore biosynthesis (Johnson et al., 
2013). It remains a question whether in R. irregularis siderophores are 
secreted to the apoplast to facilitate ferric acquisition or are used as 
chelator inside the cell to avoid oxidative stress. In addition, several MFS 
transporters, including RirG014340, RirG093170, RirG178390 (Table S3) 
showed higher expression in the symbiosis with Medicago and Nicotiana 
compared to Chives. All showed enriched expression in ARB and/or IRM 
compared to ERM or germinating spores. Among all transporter genes, 
the highest expressed gene is the aquaporin encoding RirG026160, also 
known as GintAQP1 (Aroca et al., 2009; Table S3). In Rhizophagus clarus 
an aquaporin, called RcAQP3, was reported to be highly expressed in 
intraradical mycelium and found to be important for water transport 
to the host, which also facilitated the long-distance transport of poly-P 
from the ERM to IRM (Kikuchi et al., 2016). Whether RirG026160 plays a 
similar role remains to be determined.

Medicago- and Chives-enriched genes

Among the 116 genes induced by both Medicago and Chives, we observed 
an enrichment of genes encoding proteins with binding activity (Fig. 5f), 
notably related to purine nucleotide binding, especially ATP binding. This 
is likely due to active protein phosphorylation, because the GO-terms 
kinase activity, phosphorus metabolic process and phosphorylation were 
enriched (Fig. 5f). 21 out of the 116 enriched genes are annotated as 
kinases (Table S3).  

Nicotiana- and Chives-enriched genes
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Similarly, genes encoding (ATP) binding activity were enriched among the 
157 genes with higher expression in both Chives and Nicotiana compared 
to Medicago (Fig. 5g). Among these we detected 20 kinases (Table S3). 
Many of them (10 out of 20) encode kinases related to the cell cycle, 
such as cyclin dependent kinases. In addition, we found genes related to 
glutathione biosynthesis (RirG022970, RirG197620, RirG145750, Table 
S3) to be enriched in both Chives and Nicotiana. Glutathione is essential to 
protect cellular components against reactive oxygen species and therefore 
widely used as antioxidant. Our results suggest that AM fungi may use 
different ROS detoxifying mechanisms in different hosts. Furthermore, 
several genes involved in redox balance, particularly several cytochrome 
P450 genes (RirG088670, RirG072740, RirG026210, RirG087520) 
were found among the Chives and Nicotiana-enriched genes. Distinct 
cytochrome P450 genes found in different hosts suggesting that AM fungi 
adapt to their host environment by rewiring secondary metabolism. In 
addition, we found several transporters (Table S3), including an amino 
acid transporter (RirG021210), an arsenite transporter (RirG249510), a 
nitrate transporter (RirG057900) and a magnesium translocating ATPase 
(RirG201160) expressed higher in Chives and Nicotiana compared to 
Medicago, although most of these were weakly expressed.

Stage-dependent transcriptome

Arbuscules

Arbuscules are considered to be the main site for nutrient exchange 
between both partners. In line with this, we observed an enrichment 
of genes related to the GO-term “intrinsic membrane”  (Fig. 6a) and 
many arbuscule-specific nutrient transporters were revealed (Table S4). 
This supports the notion that the arbuscule forms a specialized interface 
to facilitate nutrient exchange. Furthermore, the expression of several 
genes related to oxidoreductase activity was enriched in arbuscules (Fig. 
6a; Table S4). As discussed in the description of the “core symbiotic 
transcriptome” this may point to specific metabolic processes occurring 
at this stage of fungal development. Although we tried to isolate mostly 
arbuscules that filled Medicago cortex cells it is likely that multiple stages 
of arbuscule development, including the collapse of arbuscule branches, 
will be represented in the data. Therefore, we cannot distinguish these 
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the local environment of different hosts. They must be able to deal with 
various host immune systems and adjust their metabolism in such a way 
that a mutual beneficial symbiosis is maintained. Although on average 
AM fungi have positive effects on the performance of their host plants, 
numerous studies have reported that the beneficial (growth) effect on the 
plant (referred to as symbiotic efficiency) can vary from mutualistic to 
parasitic depending on both plant and fungal genotypes (Smith and Read, 
2008; Sanders and Croll, 2010; Koch et al., 2017; Watts-Williams et al., 
2019; Mateus et al., 2019). The molecular bases of such differences are 
still completely unknown. In addition to insight into the plant response to 
various AM fungi, it also requires a better understanding of the different 
responses of a single AM fungus to various host plants.

In Chapter 2 we showed that AM fungi respond to different hosts by 
adjusting their secretome. The transcriptome of Rhizophagus irregularis 
DAOM197198 was studied in symbiosis with three evolutionary distantly 
related host species. Furthermore, we showed that they also adjust their 
secretome in a stage-dependent manner. Therefore, laser microdissection 
was used to distinguish several stages of fungal development, including 
arbuscule-containing cells , cortical cells associated with intraradical 
mycelium (growing between cells), extraradical mycelium and germinating 
spores.

To get a better understanding of the transcriptional response of R. 
irregularis to the different hosts and gene regulation at the different 
stages, we performed a broader analysis of the acquired transcriptome 
data described in Chapter 2 using Gene Ontology (GO) enrichment 
analyses. This allowed us to identify potential molecular pathways or 
processes related to host identity and/or stage.

We especially address the following questions:  

1) What is the fungal “core transcriptome” induced by all three different 
host plants? 

2) Which fungal genes are expressed at different stages of the symbiotic 
interaction in Medicago?
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regulate siderophore biosynthesis that is expressed in a dicot-dependent 
and ARB-dependent manner (Table S3). It was shown that AM fungi can 
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2017). Siderophores are iron-chelating secondary metabolites that are 
widely used by microbes and plants for iron uptake or maintenance of iron 
homeostasis. Pathogenic fungi mutated for genes involved in siderophore 
biosynthetic genes are typically severely impaired in pathogenesis 
(Verbon et al., 2017; Oide et al., 2006). Moreover, the beneficial effect 
provided by the mutualistic endophyte Epichloe festucae was impaired 
after mutation of extracellular siderophore biosynthesis (Johnson et al., 
2013). It remains a question whether in R. irregularis siderophores are 
secreted to the apoplast to facilitate ferric acquisition or are used as 
chelator inside the cell to avoid oxidative stress. In addition, several MFS 
transporters, including RirG014340, RirG093170, RirG178390 (Table S3) 
showed higher expression in the symbiosis with Medicago and Nicotiana 
compared to Chives. All showed enriched expression in ARB and/or IRM 
compared to ERM or germinating spores. Among all transporter genes, 
the highest expressed gene is the aquaporin encoding RirG026160, also 
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an aquaporin, called RcAQP3, was reported to be highly expressed in 
intraradical mycelium and found to be important for water transport 
to the host, which also facilitated the long-distance transport of poly-P 
from the ERM to IRM (Kikuchi et al., 2016). Whether RirG026160 plays a 
similar role remains to be determined.

Medicago- and Chives-enriched genes

Among the 116 genes induced by both Medicago and Chives, we observed 
an enrichment of genes encoding proteins with binding activity (Fig. 5f), 
notably related to purine nucleotide binding, especially ATP binding. This 
is likely due to active protein phosphorylation, because the GO-terms 
kinase activity, phosphorus metabolic process and phosphorylation were 
enriched (Fig. 5f). 21 out of the 116 enriched genes are annotated as 
kinases (Table S3).  
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Similarly, genes encoding (ATP) binding activity were enriched among the 
157 genes with higher expression in both Chives and Nicotiana compared 
to Medicago (Fig. 5g). Among these we detected 20 kinases (Table S3). 
Many of them (10 out of 20) encode kinases related to the cell cycle, 
such as cyclin dependent kinases. In addition, we found genes related to 
glutathione biosynthesis (RirG022970, RirG197620, RirG145750, Table 
S3) to be enriched in both Chives and Nicotiana. Glutathione is essential to 
protect cellular components against reactive oxygen species and therefore 
widely used as antioxidant. Our results suggest that AM fungi may use 
different ROS detoxifying mechanisms in different hosts. Furthermore, 
several genes involved in redox balance, particularly several cytochrome 
P450 genes (RirG088670, RirG072740, RirG026210, RirG087520) 
were found among the Chives and Nicotiana-enriched genes. Distinct 
cytochrome P450 genes found in different hosts suggesting that AM fungi 
adapt to their host environment by rewiring secondary metabolism. In 
addition, we found several transporters (Table S3), including an amino 
acid transporter (RirG021210), an arsenite transporter (RirG249510), a 
nitrate transporter (RirG057900) and a magnesium translocating ATPase 
(RirG201160) expressed higher in Chives and Nicotiana compared to 
Medicago, although most of these were weakly expressed.

Stage-dependent transcriptome

Arbuscules

Arbuscules are considered to be the main site for nutrient exchange 
between both partners. In line with this, we observed an enrichment 
of genes related to the GO-term “intrinsic membrane”  (Fig. 6a) and 
many arbuscule-specific nutrient transporters were revealed (Table S4). 
This supports the notion that the arbuscule forms a specialized interface 
to facilitate nutrient exchange. Furthermore, the expression of several 
genes related to oxidoreductase activity was enriched in arbuscules (Fig. 
6a; Table S4). As discussed in the description of the “core symbiotic 
transcriptome” this may point to specific metabolic processes occurring 
at this stage of fungal development. Although we tried to isolate mostly 
arbuscules that filled Medicago cortex cells it is likely that multiple stages 
of arbuscule development, including the collapse of arbuscule branches, 
will be represented in the data. Therefore, we cannot distinguish these 
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Abstract

Arbuscular mycorrhizal (AM) fungi can establish a symbiosis with the vast 
majority of land plants. So far, molecular research into this interaction 
has mostly focused on the identification of (conserved) plant components 
required to establish a successful symbiosis. However, how AM fungi 
respond and adapt to different hosts is still largely unknown. The recent 
availability of a fungal genome sequence together with high genome-
wide transcriptome analyses has started to provide first molecular insight 
into the fungal aspects of this key symbiosis. In Chapter 2 we focused 
on the secretome of the AM fungus Rhizophagus irregularis in three 
evolutionary distantly-related host plants and at different stages of the 
interaction. This showed that the fungus can adjust its secretome in a 
host- and stage-dependent manner. To get more genome-wide insight 
into fungal gene regulation, we here re-analyzed the expression profiles 
and performed Gene Ontology enrichment analyses to identify biological 
processes or functions related to host identity and stage. This identified 
a core set of 846 fungal genes, commonly induced (> 2 fold) by three 
different hosts compared to germinating spores, showing an enrichment in 
genes encoding proteins involved in transmembrane transport, oxidation-
reduction and tetrapyrrole binding and transferase activities. We discuss 
the role of several of these proteins and especially highlight the role of 
predicted transporters at different stages of the interaction. In addition 
to the commonly expressed genes, 412 genes were expressed in a host-
dependent manner. The potential roles of such genes are discussed based 
on the GO-enrichment analyses. Overall, this work highlights the host- 
and stage-dependent regulation of the fungal transcriptome and offers a 
valuable dataset for further research into the fungal aspects of this key 
symbiosis. 

Introduction

Arbuscular mycorrhizal fungi are obligate biotrophic fungi that form a 
symbiotic interaction with the vast majority of all land plants (Smith and 
Read, 2008). The ability of AM fungi to colonize such a wide range of hosts 
suggests that they must have evolved efficient mechanisms to adapt to 
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(a)

continued on next page 

Fig 6. Gene ontology enrichment analysis of Rhizophagus irregularis gene 
expression in different developmental stages, including arbuscule (a), 
intraradical mycelium (b), arbuscule and intraradical mycelium (c) and 
extraradical mycelium (d). Results were generated using Enrichmentmap. Nodes 
represent gene sets. Node size represents the number of genes in the gene set. 
Node fill represents enrichment score (q-value). Edge width represents the number 
of genes that overlap between a pair of gene sets.
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different stages of arbuscule development based on our RNA-seq data. 

In the top 10 most highly expressed ARB-enriched genes, 9 were predicted 
to encode for putative effector proteins (Table S4), suggesting a key role 
for these effectors in arbuscule development and/or function. 

Intraradical mycelium

Among the genes showing enriched expression in IRM, we observed 
a substantial number of genes involved in cell cycle and pyrimidine 
metabolic processes (Fig.6b; Table S4). Successful symbiosis requires 
constitutive nuclear divisions to allow hyphal growth and spore formation 
both inside and outside of the root. Our results suggest that most nuclear 
divisions occurred in the IRM, and less in arbuscules. Consistent with this 
prediction, it was reported that DNA replication mainly occurs in intraradical 
mycelium and in the thick trunks of arbuscule but not in the arbuscule 
fine branches (Bianciotto et al., 1995). Nuclei that occupy the arbuscule 
fine branches were reported to show signs of pyknosis, suggesting that 
they eventually represent a dead end for the fungus. Surprisingly, we 
also noticed that GO terms related to cellular response to stress, most 
notably DNA damage, are also enriched in IRM. Several genes related 
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the local environment of different hosts. They must be able to deal with 
various host immune systems and adjust their metabolism in such a way 
that a mutual beneficial symbiosis is maintained. Although on average 
AM fungi have positive effects on the performance of their host plants, 
numerous studies have reported that the beneficial (growth) effect on the 
plant (referred to as symbiotic efficiency) can vary from mutualistic to 
parasitic depending on both plant and fungal genotypes (Smith and Read, 
2008; Sanders and Croll, 2010; Koch et al., 2017; Watts-Williams et al., 
2019; Mateus et al., 2019). The molecular bases of such differences are 
still completely unknown. In addition to insight into the plant response to 
various AM fungi, it also requires a better understanding of the different 
responses of a single AM fungus to various host plants.

In Chapter 2 we showed that AM fungi respond to different hosts by 
adjusting their secretome. The transcriptome of Rhizophagus irregularis 
DAOM197198 was studied in symbiosis with three evolutionary distantly 
related host species. Furthermore, we showed that they also adjust their 
secretome in a stage-dependent manner. Therefore, laser microdissection 
was used to distinguish several stages of fungal development, including 
arbuscule-containing cells , cortical cells associated with intraradical 
mycelium (growing between cells), extraradical mycelium and germinating 
spores.

To get a better understanding of the transcriptional response of R. 
irregularis to the different hosts and gene regulation at the different 
stages, we performed a broader analysis of the acquired transcriptome 
data described in Chapter 2 using Gene Ontology (GO) enrichment 
analyses. This allowed us to identify potential molecular pathways or 
processes related to host identity and/or stage.

We especially address the following questions:  

1) What is the fungal “core transcriptome” induced by all three different 
host plants? 

2) Which fungal genes are expressed at different stages of the symbiotic 
interaction in Medicago?

86

CHAPTER 3

3

(a)

continued on next page 

Fig 6. Gene ontology enrichment analysis of Rhizophagus irregularis gene 
expression in different developmental stages, including arbuscule (a), 
intraradical mycelium (b), arbuscule and intraradical mycelium (c) and 
extraradical mycelium (d). Results were generated using Enrichmentmap. Nodes 
represent gene sets. Node size represents the number of genes in the gene set. 
Node fill represents enrichment score (q-value). Edge width represents the number 
of genes that overlap between a pair of gene sets.

DI-, TRI-VALENT INORGANIC 
CATION TRANSPORT 

OXIDOREDUCTASE ACTIVITY

INTRINSIC TO MEMBRANE

INTEGRAL TO MEMBRANE

MEMBRANE PART

HEME BINDING

OXIDATION REDUCTION

IRON ION BINDING

OXIDOREDUCTASE ACTIVITY, 
ACTING ON PAIRED DONORS, 

WITH INCORPORATION OR 
REDUCTION OF MOLECULAR 

OXYGEN

TETRAPYRROLE BINDING
MEMBRANE

membrane part
oxidation and reduction

different stages of arbuscule development based on our RNA-seq data. 

In the top 10 most highly expressed ARB-enriched genes, 9 were predicted 
to encode for putative effector proteins (Table S4), suggesting a key role 
for these effectors in arbuscule development and/or function. 

Intraradical mycelium

Among the genes showing enriched expression in IRM, we observed 
a substantial number of genes involved in cell cycle and pyrimidine 
metabolic processes (Fig.6b; Table S4). Successful symbiosis requires 
constitutive nuclear divisions to allow hyphal growth and spore formation 
both inside and outside of the root. Our results suggest that most nuclear 
divisions occurred in the IRM, and less in arbuscules. Consistent with this 
prediction, it was reported that DNA replication mainly occurs in intraradical 
mycelium and in the thick trunks of arbuscule but not in the arbuscule 
fine branches (Bianciotto et al., 1995). Nuclei that occupy the arbuscule 
fine branches were reported to show signs of pyknosis, suggesting that 
they eventually represent a dead end for the fungus. Surprisingly, we 
also noticed that GO terms related to cellular response to stress, most 
notably DNA damage, are also enriched in IRM. Several genes related 
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CHAPTER 3

3

Abstract

Arbuscular mycorrhizal (AM) fungi can establish a symbiosis with the vast 
majority of land plants. So far, molecular research into this interaction 
has mostly focused on the identification of (conserved) plant components 
required to establish a successful symbiosis. However, how AM fungi 
respond and adapt to different hosts is still largely unknown. The recent 
availability of a fungal genome sequence together with high genome-
wide transcriptome analyses has started to provide first molecular insight 
into the fungal aspects of this key symbiosis. In Chapter 2 we focused 
on the secretome of the AM fungus Rhizophagus irregularis in three 
evolutionary distantly-related host plants and at different stages of the 
interaction. This showed that the fungus can adjust its secretome in a 
host- and stage-dependent manner. To get more genome-wide insight 
into fungal gene regulation, we here re-analyzed the expression profiles 
and performed Gene Ontology enrichment analyses to identify biological 
processes or functions related to host identity and stage. This identified 
a core set of 846 fungal genes, commonly induced (> 2 fold) by three 
different hosts compared to germinating spores, showing an enrichment in 
genes encoding proteins involved in transmembrane transport, oxidation-
reduction and tetrapyrrole binding and transferase activities. We discuss 
the role of several of these proteins and especially highlight the role of 
predicted transporters at different stages of the interaction. In addition 
to the commonly expressed genes, 412 genes were expressed in a host-
dependent manner. The potential roles of such genes are discussed based 
on the GO-enrichment analyses. Overall, this work highlights the host- 
and stage-dependent regulation of the fungal transcriptome and offers a 
valuable dataset for further research into the fungal aspects of this key 
symbiosis. 

Introduction

Arbuscular mycorrhizal fungi are obligate biotrophic fungi that form a 
symbiotic interaction with the vast majority of all land plants (Smith and 
Read, 2008). The ability of AM fungi to colonize such a wide range of hosts 
suggests that they must have evolved efficient mechanisms to adapt to 
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to DNA repair (Fig. 6b) are more prominent in IRM than in the other 
stages. Whether this is related to a higher nuclear division rate, or active 
transpon acitivity in IRM or due to a higher exposure to a DNA damaging 
environment remains to be determined. Interestingly, a recent genome 
study of Diversispora epigaea (previously Glomus versiforme) revealed 
that gene families involved in DNA replication and repair are much larger 
in Glomeromycotina compared to the closely-related Mortierellomycotina 
and Mucoromycotina as well as several pathogenic fungi (Sun et al., 
2018). Therefore, expansion of the number and intensive expression of 
those genes may be essential for intraradical infection.

In addition to cell cycle related genes, we noticed that genes enriched in 
both ARB and IRM are often associated with purine biosynthesis activity, 
possibly related to a higher (ATP) energy demand in those cell types 
(Fig. 6c). We also observed enriched acetyltransferase activity. 7 out of 
10 acetyltransferases are annotated as components the in acyl-carrier-
protein (ACP) biosynthetic process, implying an active lipid metabolism 
in both ARB and IRM.
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the local environment of different hosts. They must be able to deal with 
various host immune systems and adjust their metabolism in such a way 
that a mutual beneficial symbiosis is maintained. Although on average 
AM fungi have positive effects on the performance of their host plants, 
numerous studies have reported that the beneficial (growth) effect on the 
plant (referred to as symbiotic efficiency) can vary from mutualistic to 
parasitic depending on both plant and fungal genotypes (Smith and Read, 
2008; Sanders and Croll, 2010; Koch et al., 2017; Watts-Williams et al., 
2019; Mateus et al., 2019). The molecular bases of such differences are 
still completely unknown. In addition to insight into the plant response to 
various AM fungi, it also requires a better understanding of the different 
responses of a single AM fungus to various host plants.

In Chapter 2 we showed that AM fungi respond to different hosts by 
adjusting their secretome. The transcriptome of Rhizophagus irregularis 
DAOM197198 was studied in symbiosis with three evolutionary distantly 
related host species. Furthermore, we showed that they also adjust their 
secretome in a stage-dependent manner. Therefore, laser microdissection 
was used to distinguish several stages of fungal development, including 
arbuscule-containing cells , cortical cells associated with intraradical 
mycelium (growing between cells), extraradical mycelium and germinating 
spores.

To get a better understanding of the transcriptional response of R. 
irregularis to the different hosts and gene regulation at the different 
stages, we performed a broader analysis of the acquired transcriptome 
data described in Chapter 2 using Gene Ontology (GO) enrichment 
analyses. This allowed us to identify potential molecular pathways or 
processes related to host identity and/or stage.

We especially address the following questions:  

1) What is the fungal “core transcriptome” induced by all three different 
host plants? 

2) Which fungal genes are expressed at different stages of the symbiotic 
interaction in Medicago?
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to DNA repair (Fig. 6b) are more prominent in IRM than in the other 
stages. Whether this is related to a higher nuclear division rate, or active 
transpon acitivity in IRM or due to a higher exposure to a DNA damaging 
environment remains to be determined. Interestingly, a recent genome 
study of Diversispora epigaea (previously Glomus versiforme) revealed 
that gene families involved in DNA replication and repair are much larger 
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those genes may be essential for intraradical infection.
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possibly related to a higher (ATP) energy demand in those cell types 
(Fig. 6c). We also observed enriched acetyltransferase activity. 7 out of 
10 acetyltransferases are annotated as components the in acyl-carrier-
protein (ACP) biosynthetic process, implying an active lipid metabolism 
in both ARB and IRM.
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Abstract

Arbuscular mycorrhizal (AM) fungi can establish a symbiosis with the vast 
majority of land plants. So far, molecular research into this interaction 
has mostly focused on the identification of (conserved) plant components 
required to establish a successful symbiosis. However, how AM fungi 
respond and adapt to different hosts is still largely unknown. The recent 
availability of a fungal genome sequence together with high genome-
wide transcriptome analyses has started to provide first molecular insight 
into the fungal aspects of this key symbiosis. In Chapter 2 we focused 
on the secretome of the AM fungus Rhizophagus irregularis in three 
evolutionary distantly-related host plants and at different stages of the 
interaction. This showed that the fungus can adjust its secretome in a 
host- and stage-dependent manner. To get more genome-wide insight 
into fungal gene regulation, we here re-analyzed the expression profiles 
and performed Gene Ontology enrichment analyses to identify biological 
processes or functions related to host identity and stage. This identified 
a core set of 846 fungal genes, commonly induced (> 2 fold) by three 
different hosts compared to germinating spores, showing an enrichment in 
genes encoding proteins involved in transmembrane transport, oxidation-
reduction and tetrapyrrole binding and transferase activities. We discuss 
the role of several of these proteins and especially highlight the role of 
predicted transporters at different stages of the interaction. In addition 
to the commonly expressed genes, 412 genes were expressed in a host-
dependent manner. The potential roles of such genes are discussed based 
on the GO-enrichment analyses. Overall, this work highlights the host- 
and stage-dependent regulation of the fungal transcriptome and offers a 
valuable dataset for further research into the fungal aspects of this key 
symbiosis. 

Introduction

Arbuscular mycorrhizal fungi are obligate biotrophic fungi that form a 
symbiotic interaction with the vast majority of all land plants (Smith and 
Read, 2008). The ability of AM fungi to colonize such a wide range of hosts 
suggests that they must have evolved efficient mechanisms to adapt to 
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Genes with higher expression in ERM are most prominently related to 
transcriptional regulation (Fig. 6d; Table S4). Many of these genes are 
associated with molecular functions such as zinc ion binding (Fig.6c). 
Of the 103 transcriptional regulators enriched in ERM, 26 of them have 
zinc binding activity (Table S4). This points to an important role for zinc 
binding transcription factors/regulators to regulate transcription in the 
ERM. 

Concluding remarks

The transcriptome analyses presented in this chapter provide valuable 
molecular insight into the host- and stage-dependent regulation of 
gene expression during the symbiosis. It allowed the identification of 
numerous transporters expressed at different stages, and identified 
candidate proteins involved in different (metabolic) process at different 
stages of the interaction. In the future, these analyses can be extended 
to include additional stages of AMF development, such as hyphopodia, 
or various stages of arbuscule development (Kameoka et al., 2018). A 
very recent study by Kameoka and colleagues performed an RNAseq 
analysis on different extraradical stages such as branched adsorbing 
structures and different stages of spore formation (Kameoka, Maeda, et 
al., 2019).  It has become clear that the fungus adjusts its transcriptome 
depending on the host environment. These adjustments may be related 
to different immune responses in the various hosts or different metabolic 
requirements. A challenging next step will be to functionally address the 

many hypotheses that can be generated based on these data. 
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Supplementary data

A digital version of main figures and supplementary tables listed below 
can be downloaded from https://1drv.ms/u/s!Ap6ZxoG9Boind8wqDcom
WYSH0ak?e=pevlep.

Table S1. AM Gene expression data used in this chapter.

Table S2. AM Genes commonly induced in three hosts compared to 
germinating spores.

Table S3. Host-dependent genes.

Table S4. Stage-dependent genes.

Supplementary Figure

IRM vsGS
(1949)

ARB vs GS
(2021)

131532

51

14 496352

425

ERM vsGS
(574)

2883

UpregulatedvsGS

Figure S1.  Rhizophagus irregularis genes upregulated in three biotrophic 
stages arbuscule (ARB), intraradical mycelium (IRM) and extraradical 
mycelium (ERM) compared to germinating spores (GS). FDR p < 0.05 and fold-
change >2.
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the local environment of different hosts. They must be able to deal with 
various host immune systems and adjust their metabolism in such a way 
that a mutual beneficial symbiosis is maintained. Although on average 
AM fungi have positive effects on the performance of their host plants, 
numerous studies have reported that the beneficial (growth) effect on the 
plant (referred to as symbiotic efficiency) can vary from mutualistic to 
parasitic depending on both plant and fungal genotypes (Smith and Read, 
2008; Sanders and Croll, 2010; Koch et al., 2017; Watts-Williams et al., 
2019; Mateus et al., 2019). The molecular bases of such differences are 
still completely unknown. In addition to insight into the plant response to 
various AM fungi, it also requires a better understanding of the different 
responses of a single AM fungus to various host plants.

In Chapter 2 we showed that AM fungi respond to different hosts by 
adjusting their secretome. The transcriptome of Rhizophagus irregularis 
DAOM197198 was studied in symbiosis with three evolutionary distantly 
related host species. Furthermore, we showed that they also adjust their 
secretome in a stage-dependent manner. Therefore, laser microdissection 
was used to distinguish several stages of fungal development, including 
arbuscule-containing cells , cortical cells associated with intraradical 
mycelium (growing between cells), extraradical mycelium and germinating 
spores.

To get a better understanding of the transcriptional response of R. 
irregularis to the different hosts and gene regulation at the different 
stages, we performed a broader analysis of the acquired transcriptome 
data described in Chapter 2 using Gene Ontology (GO) enrichment 
analyses. This allowed us to identify potential molecular pathways or 
processes related to host identity and/or stage.

We especially address the following questions:  

1) What is the fungal “core transcriptome” induced by all three different 
host plants? 

2) Which fungal genes are expressed at different stages of the symbiotic 
interaction in Medicago?
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Abstract

Arbuscular mycorrhizal (AM) fungi greatly improve mineral uptake by 
host plants in nutrient-depleted soil and can intracellularly colonize root 
cortex cells in the vast majority of higher plants. However, AM fungi 
possess common fungal cell wall components such as chitin which can 
be recognized by plant chitin receptors to trigger immune responses, 
raising the question how AM fungi effectively evade chitin-triggered 
immune responses during symbiosis. In this study, we characterize a 
secreted LysM (Lysin motif) effector identified from the model AM fungal 
species Rhizophagus irregularis, called RiSLM. RiSLM is one of the highest 
expressed effector proteins in intraradical mycelium during the symbiosis. 
In vitro binding assays show that RiSLM binds chitin-oligosaccharides and 
can protect fungal cell walls from chitinases. Moreover, RiSLM efficiently 
interferes with chitin-triggered immune responses, such as defence gene 
induction and reactive oxygen species production in Medicago truncatula. 
Although RiSLM also binds to symbiotic (lipo)chito-oligosaccharides it 
does not interfere significantly with symbiotic signalling in Medicago. 
Host-induced gene silencing of RiSLM greatly reduces fungal colonization 
levels. Taken together, our results reveal a key role for AM fungal LysM 
effectors to subvert chitin-triggered immunity in symbiosis, pointing to a 
common role for LysM effectors in both symbiotic and pathogenic fungi.

Introduction

Plants interact with microbes that can range from pathogenic to 
mutualistic. Typically, plants sense the presence of such microbes by the 
perception of microbe-associated molecular patterns (MAMPs) that are 
recognized by plant pattern recognition receptors. A major MAMP is chitin, 
a homopolymer of unbranched β-1,4-linked N-acetylglucosamine which 
is a key component of fungal cell walls (Valet et al., 2014). Especially its 
breakdown products chitooligosaccharides (COs) are perceived by plant 
Lysin motif (LysM) plasma membrane receptors that trigger immune 
responses such as defence-gene induction, secretion of chitinases and 
generation of reactive oxygen species (Bozsoki et al., 2017; Miya et al., 
2007; Shimizu et al., 2010). Nevertheless biotrophic pathogenic fungi 
that colonize plants have evolved strategies to evade or down-regulate 
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chitin triggered immune responses, especially by secreting specific 
effectors (Rovenich et al., 2016). 

One strategy relies on the secretion of effector proteins that interfere 
with chitin-triggered immunity (Sánchez-Vallet et al., 2015; Rovenich et 
al., 2016).  These include secreted proteins that consist of 1-3 LysM 
domains (Kombrink and Thomma, 2013). A key example is the LysM 
effector Ecp6 from Cladosporium fulvum, which is able to sequester fungal 
cell wall-derived chitooligosaccharides (COs) (de Jonge et al., 2010). 
LysM effectors have since been identified in several foliar pathogenic 
fungi including the wheat pathogen Zymoseptoria tritici (Mycosphaerella 
graminicola; Mg1LysM and Mg3LysM), the rice blast fungus Magnaporthe 
oryzae (Slp1), the Brassicaceae anthracnose fungus Colletotrichum 
higginsianum (ChELP1 and -2) and in the generalist vascular wilt fungal 
pathogen Verticillium dahliae (Marshall et al., 2011; Mentlak et al., 
2012; Lee et al., 2014; Takahara et al., 2016; Kombrink et al., 2017). 
Such LysM effectors can protect fungal hyphae against the activity of 
plant chitinases (Mg1LysM and Mg3LysM) or suppresses chitin-triggered 
defense responses by sequestering chitin fragments (Elp1, Ecp6) or have 
both activities (Mg3LysM) (Sánchez-Vallet et al., 2015; Rovenich et al., 
2016). The occurrence of LysM effectors in such a variety of pathogenic 
fungi suggests they may be a widespread strategy for fungi to subvert 
chitin-triggered immunity in a broad range of hosts.

Mutualistic arbuscular mycorrhizal (AM fungi) establish an intimate 
interaction with the vast majority (>80%) of all higher plants (Smith and 
Read, 2008). During this symbiosis, the fungi are intracellularly hosted 
in the inner root cortical cells forming highly branched hyphal structures, 
called arbuscules, where nutrients are exchanged in a cooperative 
manner (Gutjahr and Parniske, 2013). Chitin is also a key component of 
the cell wall of AM fungi and consistently, it has been reported that plant 
defence responses are induced in the early stage of AM symbiosis but 
these are quickly suppressed as the interaction progresses (Gianninazi-
Pearson et al., 1996; García-Garrido and Ocampo, 2002; Zamioudis and 
Pieterse, 2012). How AM fungi suppress chitin induced immune responses 
is not known. Here we study whether AM fungi use similar effectors as 
pathogenic fungi to suppress this response.

Genomic analyses have identified a LysM domain containing effector 
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raising the question how AM fungi effectively evade chitin-triggered 
immune responses during symbiosis. In this study, we characterize a 
secreted LysM (Lysin motif) effector identified from the model AM fungal 
species Rhizophagus irregularis, called RiSLM. RiSLM is one of the highest 
expressed effector proteins in intraradical mycelium during the symbiosis. 
In vitro binding assays show that RiSLM binds chitin-oligosaccharides and 
can protect fungal cell walls from chitinases. Moreover, RiSLM efficiently 
interferes with chitin-triggered immune responses, such as defence gene 
induction and reactive oxygen species production in Medicago truncatula. 
Although RiSLM also binds to symbiotic (lipo)chito-oligosaccharides it 
does not interfere significantly with symbiotic signalling in Medicago. 
Host-induced gene silencing of RiSLM greatly reduces fungal colonization 
levels. Taken together, our results reveal a key role for AM fungal LysM 
effectors to subvert chitin-triggered immunity in symbiosis, pointing to a 
common role for LysM effectors in both symbiotic and pathogenic fungi.

Introduction

Plants interact with microbes that can range from pathogenic to 
mutualistic. Typically, plants sense the presence of such microbes by the 
perception of microbe-associated molecular patterns (MAMPs) that are 
recognized by plant pattern recognition receptors. A major MAMP is chitin, 
a homopolymer of unbranched β-1,4-linked N-acetylglucosamine which 
is a key component of fungal cell walls (Valet et al., 2014). Especially its 
breakdown products chitooligosaccharides (COs) are perceived by plant 
Lysin motif (LysM) plasma membrane receptors that trigger immune 
responses such as defence-gene induction, secretion of chitinases and 
generation of reactive oxygen species (Bozsoki et al., 2017; Miya et al., 
2007; Shimizu et al., 2010). Nevertheless biotrophic pathogenic fungi 
that colonize plants have evolved strategies to evade or down-regulate 
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chitin triggered immune responses, especially by secreting specific 
effectors (Rovenich et al., 2016). 

One strategy relies on the secretion of effector proteins that interfere 
with chitin-triggered immunity (Sánchez-Vallet et al., 2015; Rovenich et 
al., 2016).  These include secreted proteins that consist of 1-3 LysM 
domains (Kombrink and Thomma, 2013). A key example is the LysM 
effector Ecp6 from Cladosporium fulvum, which is able to sequester fungal 
cell wall-derived chitooligosaccharides (COs) (de Jonge et al., 2010). 
LysM effectors have since been identified in several foliar pathogenic 
fungi including the wheat pathogen Zymoseptoria tritici (Mycosphaerella 
graminicola; Mg1LysM and Mg3LysM), the rice blast fungus Magnaporthe 
oryzae (Slp1), the Brassicaceae anthracnose fungus Colletotrichum 
higginsianum (ChELP1 and -2) and in the generalist vascular wilt fungal 
pathogen Verticillium dahliae (Marshall et al., 2011; Mentlak et al., 
2012; Lee et al., 2014; Takahara et al., 2016; Kombrink et al., 2017). 
Such LysM effectors can protect fungal hyphae against the activity of 
plant chitinases (Mg1LysM and Mg3LysM) or suppresses chitin-triggered 
defense responses by sequestering chitin fragments (Elp1, Ecp6) or have 
both activities (Mg3LysM) (Sánchez-Vallet et al., 2015; Rovenich et al., 
2016). The occurrence of LysM effectors in such a variety of pathogenic 
fungi suggests they may be a widespread strategy for fungi to subvert 
chitin-triggered immunity in a broad range of hosts.

Mutualistic arbuscular mycorrhizal (AM fungi) establish an intimate 
interaction with the vast majority (>80%) of all higher plants (Smith and 
Read, 2008). During this symbiosis, the fungi are intracellularly hosted 
in the inner root cortical cells forming highly branched hyphal structures, 
called arbuscules, where nutrients are exchanged in a cooperative 
manner (Gutjahr and Parniske, 2013). Chitin is also a key component of 
the cell wall of AM fungi and consistently, it has been reported that plant 
defence responses are induced in the early stage of AM symbiosis but 
these are quickly suppressed as the interaction progresses (Gianninazi-
Pearson et al., 1996; García-Garrido and Ocampo, 2002; Zamioudis and 
Pieterse, 2012). How AM fungi suppress chitin induced immune responses 
is not known. Here we study whether AM fungi use similar effectors as 
pathogenic fungi to suppress this response.

Genomic analyses have identified a LysM domain containing effector 
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(RiSLM; SECRETED LYSM protein) in the genome of the AM fungus 
Rhizophagus irregularis DAOM197198 (Tisserant et al., 2013; 
Sędzielewska Toro and Brachmann, 2016; Zeng et al., 2018; Schmitz et 
al., 2018). A homolog of this LysM effector, consisting of a single LysM 
domain, is conserved in a wide-range of AM fungal species and it was 
recently shown to be able to bind both chitin and chitosan (Schmitz et 
al., 2019). However, its role in the symbiosis was not investigated. Here, 
we show that RiSLM one of the most highly expressed effectors in the 
interaction with an evolutionary diverse range of AM host plants. RiSLM 
is induced by strigolactones/root exudates and most highly expressed 
in the intraradical mycelium in Medicago. Our binding studies show 
that RiSLM can bind chitooligosaccharides in the low micromolar range, 
as well as lipochitooligosaccharides in the nanomolar range. We show 
that RiSLM can protect fungal hyphae from plant chitinases, and that it 
efficiently interferes with chitin-triggered immune responses in the plant. 
Host-induced gene silencing of RiSLM greatly reduces fungal infection 
and arbuscule abundance in the host. Taken together, our results indicate 
that, in analogy to pathogenic fungi, AM fungi use LysM effectors to 
suppress chitin-triggered immunity to mediate a successful symbiosis.

Materials and methods

Protein purification

The coding sequence of RiSLM without signal peptide was amplified 
using Phusion DNA polymerase (Thermo Fisher Scientific). EcoRI and 
HindIII restriction sites were added to the primers (Table S1) to facilitate 
cloning into the pET-SUMO vector (Champion™ pET SUMO Expression 
System). The amplified RiSLM CDS was first cloned into the CloneJET 
vector (Thermo Fisher Scientific) and subsequently cloned EcoRI-
HindIII into the pET-SUMO vector. All constructs were verified by sanger 
sequencing. The pET-SUMO vector containing RiSLM was transformed 
into E. coli electrocompetent ORIGAMI cells (genetically modified to allow 
disulfide bond formation). The bacteria were incubated in LB medium 
supplemented with 50 µg/mL kanamycin, 10 mM KH2PO4, 50 mM MgSO4 
and 1% glycerol until an OD600 of 0.8 at 28oC. After that IPTG was added 
to a concentration of 0.05 mM into the culture and incubated at 28oC 
overnight. Bacterial cultures were then pelleted and stored at -80oC.
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For protein purification, frozen bacteria were resuspended in 20 ml 
lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 10% glycerol, 120 mg 
lysozyme, 40 mg DOC, 1.25 mg DNAse and 1 protease cocktail) per 
liter culture followed by incubation on ice for 2 hours. The lysate was 
transferred into 50mL tubes and centrifuged for 1 hour at 22000 g at 
4oC. The supernatant was collected and the SUMO-tagged LysM protein 
purified by passing through a LP biological system NTA superflow metal 
affinity chromatography column (Qiagen) according to manufacturer’s 
instructions. Eluted protein was incubated in 200 mM NaCl in a dialysis 
membrane with ULP-1 protease to remove the sumo tag overnight at 
4oC. After dialysis the sample was passed again through the NTA column 
and further purified by size exclusion chromatography using a superdex 
75 on a ÄKTA fast-performance liquid chromatographer (GE healthcare, 
Eindhoven, The Netherlands) using 50 mM Tris-HCl, 150 mM NaCl (pH 
7.4) as elution buffer. Final purified protein was concentrated using an 
Amicon Ultra-15 centrifugal device (EMD Millipore, Amsterdam, The 
Netherlands) and the concentration was determined by Qubit (Thermo 
Fisher Scientific). 

Chitin binding affinity precipitation assays 

Purified protein was incubated with 5 mg of insoluble chitin, chitosan, 
cellulose or xylan (Sigma-Aldrich, Houten, The Netherlands) in 800 μl (1 
μM final concentration of RiSLM) of chitin binding buffer (50 mM Tris-HCl 
pH 8.0, 150 mM NaCl) at room temperature for 3 hours. The tubes were 
then spun down for 5 min at 1800 g and the supernatant was removed. 
The resulting pellet was washed 3 times with 500 μl of chitin binding 
buffer and resuspended in 200 μl of SDS loading buffer. The supernatants 
were concentrated to 250 μl. 18 μl of supernatant was mixed with 6 μl 
of 4xSDS sample buffer. The pellets and supernatant in SDS were boiled 
at 95oC for 5 min before loading in a polyacrylamide gelelectrophoresis. 
Proteins gels were stained by standard Coomassie Brilliant Blue R-250 
staining.

Microscale thermophoresis

Binding experiments were performed by microscale thermophoresis with 
the Monolith NT.115 (Nano Temper Technologies, Munich, Germany). 
RiSLM was labelled with the Monolith NT™ Protein Labeling Kit RED 
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Abstract

Arbuscular mycorrhizal (AM) fungi greatly improve mineral uptake by 
host plants in nutrient-depleted soil and can intracellularly colonize root 
cortex cells in the vast majority of higher plants. However, AM fungi 
possess common fungal cell wall components such as chitin which can 
be recognized by plant chitin receptors to trigger immune responses, 
raising the question how AM fungi effectively evade chitin-triggered 
immune responses during symbiosis. In this study, we characterize a 
secreted LysM (Lysin motif) effector identified from the model AM fungal 
species Rhizophagus irregularis, called RiSLM. RiSLM is one of the highest 
expressed effector proteins in intraradical mycelium during the symbiosis. 
In vitro binding assays show that RiSLM binds chitin-oligosaccharides and 
can protect fungal cell walls from chitinases. Moreover, RiSLM efficiently 
interferes with chitin-triggered immune responses, such as defence gene 
induction and reactive oxygen species production in Medicago truncatula. 
Although RiSLM also binds to symbiotic (lipo)chito-oligosaccharides it 
does not interfere significantly with symbiotic signalling in Medicago. 
Host-induced gene silencing of RiSLM greatly reduces fungal colonization 
levels. Taken together, our results reveal a key role for AM fungal LysM 
effectors to subvert chitin-triggered immunity in symbiosis, pointing to a 
common role for LysM effectors in both symbiotic and pathogenic fungi.

Introduction

Plants interact with microbes that can range from pathogenic to 
mutualistic. Typically, plants sense the presence of such microbes by the 
perception of microbe-associated molecular patterns (MAMPs) that are 
recognized by plant pattern recognition receptors. A major MAMP is chitin, 
a homopolymer of unbranched β-1,4-linked N-acetylglucosamine which 
is a key component of fungal cell walls (Valet et al., 2014). Especially its 
breakdown products chitooligosaccharides (COs) are perceived by plant 
Lysin motif (LysM) plasma membrane receptors that trigger immune 
responses such as defence-gene induction, secretion of chitinases and 
generation of reactive oxygen species (Bozsoki et al., 2017; Miya et al., 
2007; Shimizu et al., 2010). Nevertheless biotrophic pathogenic fungi 
that colonize plants have evolved strategies to evade or down-regulate 
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according to the instructions provided by the manufacturer, using a 
1:3 protein:dye molar ratio. For chitooligosaccharide (CO) binding 
experiments, the labeled protein (20 nM) was incubated with a range of 
titrant concentrations made by serial dilutions (1:1), in 50 mM Tris buffer 
pH 7.4, 10 mM MgCl2, 150 mM NaCl, 0.05% Tween 20, in PCR tubes, at 
room temperature for 10 min. Standard treated capillaries (NanoTemper 
Technologies, Germany) were loaded and the measurements were 
performed at 22°C, 20 % LED and 40 % MST power, 20 s laser-on time, 
1 s laser-off time. Due to the physico-chemical properties of the lipo-
chitooligosaccharide (LCO), the above procedure was modified to avoid 
sticking problems and insertion into micelles. Therefore, a range of LCOs 
concentrations was prepared by a 1:1 serial dilution in 50% ethanol. 
The incubation with the labeled protein (20 nM) was performed in 25 
mM Na-Cacodylate buffer pH 6.0, 1 mM MgCl2, 1 mM CaCl2, 250 mM 
sucrose, 0,175% Fos-Choline-10, 0.5% ethanol (final concentration), in 
low binding microtiter plate, at room temperature for 10 min. Premium 
treated capillaries (NanoTemper Technologies, Munich, Germany) were 
loaded and the measurements were performed at 22°C, with the settings 
used for COs excepted a 40 % LED power. All the experiments were 
repeated at least twice with two independent protein preparations 
obtained from two bacterial cultures. Binding data were analyzed using 
the MO. Affinity Analysis Software (Nano Temper Technologies, Munich, 
Germany).

Chitinase protection assay

Either Fusarium oxysporum f.sp lycopersici or Trichoderma viride were 
used in this assay. In detail, fungal spores were recovered from PDA 
plates using 2 ml of sterile distilled water. Spore suspension was adjusted 
to 105 spores per ml and volumes of 40 μl were used to fill in a 96 well 
plate, which was incubated overnight at room temperature. After o/n 
incubation, spore germination was checked by microscopy and treated 
with 10 µL water, SEC buffer, 50 µM AVR4, 50 µM RiSLM or 100 µM RiSLM 
and incubated at room temperature for 2 hours. After incubation, 10µL 
of tomato apoplastic fluid preparation were applied into each well and 
incubated for another 4 hours. Integrity of fungal hyphae were observed 
using a Leica microscope. Two replicates were used for each treatment.

RNA isolation and qPCR
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For all experiments total RNAs were isolated using a Qiagen plant RNA 
mini kit or Omega E.Z.N.A Plant RNA kit following the manufacturer’s 
instructions, including on column DNAse treatment. Either 1 µg or 500 
ng total RNA were used for reverse transcription using iScript cDNA 
synthesis kit (Bio-Rad). qPCR was done using iQ SYBR Green Supermix 
(Bio-Rad) on a Bio-Rad CFX realtime platform. All plant and fungal genes 
were normalized using Medicago truncatula or Rhizophagus irregularis 
elongation factor 1a. MQ water was used as negative control in all qPCR 
analyses. Primers used are shown in Suppl. Table S1.

Defence and symbiotic gene expression analyses

Medicago truncatula genotype R108 was used. Seeds were surface 
sterilized and vernalized at 4℃ for 2 days. 1-day-germinated seedlings were 
grown in liquid M medium as described by Nars et al. (2013) for 5 days. M 
medium was replaced by MQ water before all treatments. In order to study 
whether LysM effector interferes with CO signalling, 100nM Chitotetraose 
(CO4, Megazyme), or Chitooctaose (CO8, IsoSep) in combination with 
either 100nM or 500nM LysM effector were used. In order to study 
whether LysM effector interferes with lipo-chitooligosaccharide (LCO) 
signalling, 10nM sulfated LCOs (sLCO) or non-sulfated LCOs (nsLCO), in 
both cases C16:C18=1:1, in combination with either 10nM or 50nM RiSLM 
were used. All samples were harvested at 1 hour post treatment. Three 
defence marker genes, MtEPI (NAD-dependent epimerase/dehydratase), 
MtPAL (phenylalanine ammonia lyase) and MtTHA (thaumatin) and three 
symbiotic marker genes MtPUB1, MtTUBB1 and MtVAPYRIN  were used to 
determine defence or symbiotic responses respectively. For all qPCRs iQ 
SYBR Green Supermix (Bio-Rad) and the Bio-Rad CFX Real-Time System 
were used. 

Reactive oxygen species (ROS) assay

Medicago truncatula genotype A17 was used. Sterilized seeds were 
grown on Faharaeus medium for 5 days. Roots were cut into ~0.5mm 
pieces and incubated overnight in 150µL MQ water in a black 96-well 
polystyrene plate before treatment. Five roots pieces were used in each 
biological replicate. To ROS, MQ water was replaced by 100 µL MQ water 
containing 0.5mM L-012 and 10µg/mL horse radish peroxidase with 1µM 
CO8. To study the role of RiSLM on ROS generation, equal molar (1µM) 
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chitin triggered immune responses, especially by secreting specific 
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2016). The occurrence of LysM effectors in such a variety of pathogenic 
fungi suggests they may be a widespread strategy for fungi to subvert 
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interaction with the vast majority (>80%) of all higher plants (Smith and 
Read, 2008). During this symbiosis, the fungi are intracellularly hosted 
in the inner root cortical cells forming highly branched hyphal structures, 
called arbuscules, where nutrients are exchanged in a cooperative 
manner (Gutjahr and Parniske, 2013). Chitin is also a key component of 
the cell wall of AM fungi and consistently, it has been reported that plant 
defence responses are induced in the early stage of AM symbiosis but 
these are quickly suppressed as the interaction progresses (Gianninazi-
Pearson et al., 1996; García-Garrido and Ocampo, 2002; Zamioudis and 
Pieterse, 2012). How AM fungi suppress chitin induced immune responses 
is not known. Here we study whether AM fungi use similar effectors as 
pathogenic fungi to suppress this response.
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sucrose, 0,175% Fos-Choline-10, 0.5% ethanol (final concentration), in 
low binding microtiter plate, at room temperature for 10 min. Premium 
treated capillaries (NanoTemper Technologies, Munich, Germany) were 
loaded and the measurements were performed at 22°C, with the settings 
used for COs excepted a 40 % LED power. All the experiments were 
repeated at least twice with two independent protein preparations 
obtained from two bacterial cultures. Binding data were analyzed using 
the MO. Affinity Analysis Software (Nano Temper Technologies, Munich, 
Germany).

Chitinase protection assay

Either Fusarium oxysporum f.sp lycopersici or Trichoderma viride were 
used in this assay. In detail, fungal spores were recovered from PDA 
plates using 2 ml of sterile distilled water. Spore suspension was adjusted 
to 105 spores per ml and volumes of 40 μl were used to fill in a 96 well 
plate, which was incubated overnight at room temperature. After o/n 
incubation, spore germination was checked by microscopy and treated 
with 10 µL water, SEC buffer, 50 µM AVR4, 50 µM RiSLM or 100 µM RiSLM 
and incubated at room temperature for 2 hours. After incubation, 10µL 
of tomato apoplastic fluid preparation were applied into each well and 
incubated for another 4 hours. Integrity of fungal hyphae were observed 
using a Leica microscope. Two replicates were used for each treatment.

RNA isolation and qPCR
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For all experiments total RNAs were isolated using a Qiagen plant RNA 
mini kit or Omega E.Z.N.A Plant RNA kit following the manufacturer’s 
instructions, including on column DNAse treatment. Either 1 µg or 500 
ng total RNA were used for reverse transcription using iScript cDNA 
synthesis kit (Bio-Rad). qPCR was done using iQ SYBR Green Supermix 
(Bio-Rad) on a Bio-Rad CFX realtime platform. All plant and fungal genes 
were normalized using Medicago truncatula or Rhizophagus irregularis 
elongation factor 1a. MQ water was used as negative control in all qPCR 
analyses. Primers used are shown in Suppl. Table S1.

Defence and symbiotic gene expression analyses

Medicago truncatula genotype R108 was used. Seeds were surface 
sterilized and vernalized at 4℃ for 2 days. 1-day-germinated seedlings were 
grown in liquid M medium as described by Nars et al. (2013) for 5 days. M 
medium was replaced by MQ water before all treatments. In order to study 
whether LysM effector interferes with CO signalling, 100nM Chitotetraose 
(CO4, Megazyme), or Chitooctaose (CO8, IsoSep) in combination with 
either 100nM or 500nM LysM effector were used. In order to study 
whether LysM effector interferes with lipo-chitooligosaccharide (LCO) 
signalling, 10nM sulfated LCOs (sLCO) or non-sulfated LCOs (nsLCO), in 
both cases C16:C18=1:1, in combination with either 10nM or 50nM RiSLM 
were used. All samples were harvested at 1 hour post treatment. Three 
defence marker genes, MtEPI (NAD-dependent epimerase/dehydratase), 
MtPAL (phenylalanine ammonia lyase) and MtTHA (thaumatin) and three 
symbiotic marker genes MtPUB1, MtTUBB1 and MtVAPYRIN  were used to 
determine defence or symbiotic responses respectively. For all qPCRs iQ 
SYBR Green Supermix (Bio-Rad) and the Bio-Rad CFX Real-Time System 
were used. 

Reactive oxygen species (ROS) assay

Medicago truncatula genotype A17 was used. Sterilized seeds were 
grown on Faharaeus medium for 5 days. Roots were cut into ~0.5mm 
pieces and incubated overnight in 150µL MQ water in a black 96-well 
polystyrene plate before treatment. Five roots pieces were used in each 
biological replicate. To ROS, MQ water was replaced by 100 µL MQ water 
containing 0.5mM L-012 and 10µg/mL horse radish peroxidase with 1µM 
CO8. To study the role of RiSLM on ROS generation, equal molar (1µM) 



94

CHAPTER 4

4

Abstract

Arbuscular mycorrhizal (AM) fungi greatly improve mineral uptake by 
host plants in nutrient-depleted soil and can intracellularly colonize root 
cortex cells in the vast majority of higher plants. However, AM fungi 
possess common fungal cell wall components such as chitin which can 
be recognized by plant chitin receptors to trigger immune responses, 
raising the question how AM fungi effectively evade chitin-triggered 
immune responses during symbiosis. In this study, we characterize a 
secreted LysM (Lysin motif) effector identified from the model AM fungal 
species Rhizophagus irregularis, called RiSLM. RiSLM is one of the highest 
expressed effector proteins in intraradical mycelium during the symbiosis. 
In vitro binding assays show that RiSLM binds chitin-oligosaccharides and 
can protect fungal cell walls from chitinases. Moreover, RiSLM efficiently 
interferes with chitin-triggered immune responses, such as defence gene 
induction and reactive oxygen species production in Medicago truncatula. 
Although RiSLM also binds to symbiotic (lipo)chito-oligosaccharides it 
does not interfere significantly with symbiotic signalling in Medicago. 
Host-induced gene silencing of RiSLM greatly reduces fungal colonization 
levels. Taken together, our results reveal a key role for AM fungal LysM 
effectors to subvert chitin-triggered immunity in symbiosis, pointing to a 
common role for LysM effectors in both symbiotic and pathogenic fungi.

Introduction

Plants interact with microbes that can range from pathogenic to 
mutualistic. Typically, plants sense the presence of such microbes by the 
perception of microbe-associated molecular patterns (MAMPs) that are 
recognized by plant pattern recognition receptors. A major MAMP is chitin, 
a homopolymer of unbranched β-1,4-linked N-acetylglucosamine which 
is a key component of fungal cell walls (Valet et al., 2014). Especially its 
breakdown products chitooligosaccharides (COs) are perceived by plant 
Lysin motif (LysM) plasma membrane receptors that trigger immune 
responses such as defence-gene induction, secretion of chitinases and 
generation of reactive oxygen species (Bozsoki et al., 2017; Miya et al., 
2007; Shimizu et al., 2010). Nevertheless biotrophic pathogenic fungi 
that colonize plants have evolved strategies to evade or down-regulate 
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RiSLM protein was used. Chemiluminescence was measured using a 
micro-plate luminometer (CLARIOSTAR, USA) for half an hour. At least 
6 biological replicates were used each time and this experiment was 
repeated independently for 3 times with similar results. Similarly, 100 nM 
flg22 (Genscript) was applied with or without 400 nM RiSLM.

Host-induced gene silencing

To generate the silencing construct, 187bp mRNA sequence of RiSLM was 
amplified and cloned into the pDONR221 entry vector. Because the CaMV 
35S promoter was previously reported to be less active in arbuscule cells, 
we first replaced the 35S promoter from the pK7GWIWG2 (II) RR vector 
(Limpens et al., 2004) by the AtEF1α promoter (Auriac and Timmers, 
2007). Next, the silencing fragment of RiSLM was cloned into the modified 
pK7GWIWG2 (II)-AtEF1α RR vector using LR clonase II (Invitrogen) to 
get the final silencing construct. Medicago A17 was used for hairy root 
transformation and the empty vector was used as control. Hairy root 
transformations were done according to (Limpens et al., 2004). After 
transformation, composite plants were individually transplanted into 
SC10 RayLeach cone-tainers (Stuewe and Sons, Canada) with premixed 
sand:clay (1:2 V/V) mixture. 400 spores of Rhizophagus irregularis 
DAOM197198 (Agronutrion, France) were used as inoculum for each 
cone and placed directly below the seedlings upon planting. Plants were 
watered using half Hoagland medium with full nitrogen as used for our 
previous research, and grown at in a plant growth chamber at 21 0C (16h 
light, 8h dark) (Zeng et al., 2018). After 4 weeks, transgenic roots were 
harvested based on the DsRed marker expression. Transgenic roots were 
chopped in to ~2 cm fragments, mixed thoroughly and separated into 
2 parts which were respectively used for microscopy and RNA isolation. 

RiSLM overexpression 

For the overexpression of RiSLM, a construct was made using Golden 
Gate cloning (Engler et al., 2014). Lotus ubiquitin 1 promotor, MtBCP1 
signal peptide, RiSLM CDS without SP, and 35S terminator level 0 modules 
were combined into the level1 position F1 acceptor vector pICH47732. 
A position two AtUB10::DsRed gene was then assembled with the above 
LjUB1::BCPsp::RiSLM gene into the level2 backbone pAGM4723.  The 
level2 construct was introduced into A. rhizogenes MSU440 and then 
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transformed into Medicargo plants by hairy root transformation. A 
Dummy level1 vector (pICH54011) combined with AtUB10::DsRed into 
pAGM4723 was used as empty vector (EV) control. Plants were harvested 
after 3 weeks inoculation with 400 R. irregularis spores as described 
above.

WGA staining and microscopy

Mycorrhized roots were first cleared in 10% potassium hydroxide at 90℃ 
for 20 minutes. Then roots were washed twice with PBS buffer (150 
mM NaCl, 10 mM Na2HPO4 and 1.8 mM KH2PO4, pH 7.4) followed by 
incubation in 0.2 µg/mL WGA-Alexafluor 488 in PBS at 4℃ for overnight. 
Microscopy was done using a Leica AU5500B microscope. Mycorrhization 
was quantified according to previously described (Trouvelot et al., 1986).

Phylogeny

For phylogenetic analyses, amino acid sequences of LysM effectors 
or LysM domains were aligned using MAFFT plugin in Geneious 8.1.9 
(https://www.geneious.com). Phylogenetic tree was generated using tree 
builder in Geneious 8.1.9 (https://www.geneious.com). For all analyses 
neighbour-joining tree was used.

Yeast signal sequence trap

Full length RiSLM was cloned EcoRI-NotI into the pYST-02 vector 
(Kloppholz et al., 2011). S. cerevisiae strain Y02321 (Mat a; his3Δ1; 
leu2Δ0; met15Δ0; ura3Δ0; YIL162w::kanMX4) (Euroscarf, Germany) 
was transformed using the standard lithium acetate/single-stranded 
carrier DNA/PEG method and selected on SD/-Leu plates. Subsequently, 
transformants were plated on sucrose selection medium ( 6.7 g/L yeast 
nitrogen base without amino acids, 1.85 g/L Drop-out mix minus leucine, 
2% sucrose, 0.025% glucose, 2% Agar) and incubated at 30°C for 3 
days.

RNAseq analyses

RNAseq data was collected from the following databases: NCBI gene 
expression omnibus GSE99655 for data from Medicago, Chives and 
Nicotiana benthamiana as well as laser microdissected arbuscules (ARB) 
and IRM; ERM and germinating spores from DDBJ database DRA002591; 
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chitin triggered immune responses, especially by secreting specific 
effectors (Rovenich et al., 2016). 

One strategy relies on the secretion of effector proteins that interfere 
with chitin-triggered immunity (Sánchez-Vallet et al., 2015; Rovenich et 
al., 2016).  These include secreted proteins that consist of 1-3 LysM 
domains (Kombrink and Thomma, 2013). A key example is the LysM 
effector Ecp6 from Cladosporium fulvum, which is able to sequester fungal 
cell wall-derived chitooligosaccharides (COs) (de Jonge et al., 2010). 
LysM effectors have since been identified in several foliar pathogenic 
fungi including the wheat pathogen Zymoseptoria tritici (Mycosphaerella 
graminicola; Mg1LysM and Mg3LysM), the rice blast fungus Magnaporthe 
oryzae (Slp1), the Brassicaceae anthracnose fungus Colletotrichum 
higginsianum (ChELP1 and -2) and in the generalist vascular wilt fungal 
pathogen Verticillium dahliae (Marshall et al., 2011; Mentlak et al., 
2012; Lee et al., 2014; Takahara et al., 2016; Kombrink et al., 2017). 
Such LysM effectors can protect fungal hyphae against the activity of 
plant chitinases (Mg1LysM and Mg3LysM) or suppresses chitin-triggered 
defense responses by sequestering chitin fragments (Elp1, Ecp6) or have 
both activities (Mg3LysM) (Sánchez-Vallet et al., 2015; Rovenich et al., 
2016). The occurrence of LysM effectors in such a variety of pathogenic 
fungi suggests they may be a widespread strategy for fungi to subvert 
chitin-triggered immunity in a broad range of hosts.

Mutualistic arbuscular mycorrhizal (AM fungi) establish an intimate 
interaction with the vast majority (>80%) of all higher plants (Smith and 
Read, 2008). During this symbiosis, the fungi are intracellularly hosted 
in the inner root cortical cells forming highly branched hyphal structures, 
called arbuscules, where nutrients are exchanged in a cooperative 
manner (Gutjahr and Parniske, 2013). Chitin is also a key component of 
the cell wall of AM fungi and consistently, it has been reported that plant 
defence responses are induced in the early stage of AM symbiosis but 
these are quickly suppressed as the interaction progresses (Gianninazi-
Pearson et al., 1996; García-Garrido and Ocampo, 2002; Zamioudis and 
Pieterse, 2012). How AM fungi suppress chitin induced immune responses 
is not known. Here we study whether AM fungi use similar effectors as 
pathogenic fungi to suppress this response.

Genomic analyses have identified a LysM domain containing effector 

100

CHAPTER 4

4

RiSLM protein was used. Chemiluminescence was measured using a 
micro-plate luminometer (CLARIOSTAR, USA) for half an hour. At least 
6 biological replicates were used each time and this experiment was 
repeated independently for 3 times with similar results. Similarly, 100 nM 
flg22 (Genscript) was applied with or without 400 nM RiSLM.

Host-induced gene silencing

To generate the silencing construct, 187bp mRNA sequence of RiSLM was 
amplified and cloned into the pDONR221 entry vector. Because the CaMV 
35S promoter was previously reported to be less active in arbuscule cells, 
we first replaced the 35S promoter from the pK7GWIWG2 (II) RR vector 
(Limpens et al., 2004) by the AtEF1α promoter (Auriac and Timmers, 
2007). Next, the silencing fragment of RiSLM was cloned into the modified 
pK7GWIWG2 (II)-AtEF1α RR vector using LR clonase II (Invitrogen) to 
get the final silencing construct. Medicago A17 was used for hairy root 
transformation and the empty vector was used as control. Hairy root 
transformations were done according to (Limpens et al., 2004). After 
transformation, composite plants were individually transplanted into 
SC10 RayLeach cone-tainers (Stuewe and Sons, Canada) with premixed 
sand:clay (1:2 V/V) mixture. 400 spores of Rhizophagus irregularis 
DAOM197198 (Agronutrion, France) were used as inoculum for each 
cone and placed directly below the seedlings upon planting. Plants were 
watered using half Hoagland medium with full nitrogen as used for our 
previous research, and grown at in a plant growth chamber at 21 0C (16h 
light, 8h dark) (Zeng et al., 2018). After 4 weeks, transgenic roots were 
harvested based on the DsRed marker expression. Transgenic roots were 
chopped in to ~2 cm fragments, mixed thoroughly and separated into 
2 parts which were respectively used for microscopy and RNA isolation. 

RiSLM overexpression 

For the overexpression of RiSLM, a construct was made using Golden 
Gate cloning (Engler et al., 2014). Lotus ubiquitin 1 promotor, MtBCP1 
signal peptide, RiSLM CDS without SP, and 35S terminator level 0 modules 
were combined into the level1 position F1 acceptor vector pICH47732. 
A position two AtUB10::DsRed gene was then assembled with the above 
LjUB1::BCPsp::RiSLM gene into the level2 backbone pAGM4723.  The 
level2 construct was introduced into A. rhizogenes MSU440 and then 
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transformed into Medicargo plants by hairy root transformation. A 
Dummy level1 vector (pICH54011) combined with AtUB10::DsRed into 
pAGM4723 was used as empty vector (EV) control. Plants were harvested 
after 3 weeks inoculation with 400 R. irregularis spores as described 
above.

WGA staining and microscopy

Mycorrhized roots were first cleared in 10% potassium hydroxide at 90℃ 
for 20 minutes. Then roots were washed twice with PBS buffer (150 
mM NaCl, 10 mM Na2HPO4 and 1.8 mM KH2PO4, pH 7.4) followed by 
incubation in 0.2 µg/mL WGA-Alexafluor 488 in PBS at 4℃ for overnight. 
Microscopy was done using a Leica AU5500B microscope. Mycorrhization 
was quantified according to previously described (Trouvelot et al., 1986).

Phylogeny

For phylogenetic analyses, amino acid sequences of LysM effectors 
or LysM domains were aligned using MAFFT plugin in Geneious 8.1.9 
(https://www.geneious.com). Phylogenetic tree was generated using tree 
builder in Geneious 8.1.9 (https://www.geneious.com). For all analyses 
neighbour-joining tree was used.

Yeast signal sequence trap

Full length RiSLM was cloned EcoRI-NotI into the pYST-02 vector 
(Kloppholz et al., 2011). S. cerevisiae strain Y02321 (Mat a; his3Δ1; 
leu2Δ0; met15Δ0; ura3Δ0; YIL162w::kanMX4) (Euroscarf, Germany) 
was transformed using the standard lithium acetate/single-stranded 
carrier DNA/PEG method and selected on SD/-Leu plates. Subsequently, 
transformants were plated on sucrose selection medium ( 6.7 g/L yeast 
nitrogen base without amino acids, 1.85 g/L Drop-out mix minus leucine, 
2% sucrose, 0.025% glucose, 2% Agar) and incubated at 30°C for 3 
days.

RNAseq analyses

RNAseq data was collected from the following databases: NCBI gene 
expression omnibus GSE99655 for data from Medicago, Chives and 
Nicotiana benthamiana as well as laser microdissected arbuscules (ARB) 
and IRM; ERM and germinating spores from DDBJ database DRA002591; 
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Abstract

Arbuscular mycorrhizal (AM) fungi greatly improve mineral uptake by 
host plants in nutrient-depleted soil and can intracellularly colonize root 
cortex cells in the vast majority of higher plants. However, AM fungi 
possess common fungal cell wall components such as chitin which can 
be recognized by plant chitin receptors to trigger immune responses, 
raising the question how AM fungi effectively evade chitin-triggered 
immune responses during symbiosis. In this study, we characterize a 
secreted LysM (Lysin motif) effector identified from the model AM fungal 
species Rhizophagus irregularis, called RiSLM. RiSLM is one of the highest 
expressed effector proteins in intraradical mycelium during the symbiosis. 
In vitro binding assays show that RiSLM binds chitin-oligosaccharides and 
can protect fungal cell walls from chitinases. Moreover, RiSLM efficiently 
interferes with chitin-triggered immune responses, such as defence gene 
induction and reactive oxygen species production in Medicago truncatula. 
Although RiSLM also binds to symbiotic (lipo)chito-oligosaccharides it 
does not interfere significantly with symbiotic signalling in Medicago. 
Host-induced gene silencing of RiSLM greatly reduces fungal colonization 
levels. Taken together, our results reveal a key role for AM fungal LysM 
effectors to subvert chitin-triggered immunity in symbiosis, pointing to a 
common role for LysM effectors in both symbiotic and pathogenic fungi.

Introduction

Plants interact with microbes that can range from pathogenic to 
mutualistic. Typically, plants sense the presence of such microbes by the 
perception of microbe-associated molecular patterns (MAMPs) that are 
recognized by plant pattern recognition receptors. A major MAMP is chitin, 
a homopolymer of unbranched β-1,4-linked N-acetylglucosamine which 
is a key component of fungal cell walls (Valet et al., 2014). Especially its 
breakdown products chitooligosaccharides (COs) are perceived by plant 
Lysin motif (LysM) plasma membrane receptors that trigger immune 
responses such as defence-gene induction, secretion of chitinases and 
generation of reactive oxygen species (Bozsoki et al., 2017; Miya et al., 
2007; Shimizu et al., 2010). Nevertheless biotrophic pathogenic fungi 
that colonize plants have evolved strategies to evade or down-regulate 
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Lotus japonicus and tomato from DDBJ database DRA005187. RNAseq 
data was analysed as described by Zeng et al., 2018. Quantification was 
done using default setting in CLC genomics workbench 10.0.1. 

Results

A Rhizophagus irregularis LysM effector highly expressed in 
intraradical mycelium

Fungal pathogens use LysM effectors to counteract chitin-based 
immune responses to colonize plants (Sánchez-Vallet et al., 2015). By 
analysing the predicted secretome of the model AM fungus R. irregularis 
DAOM197198 a small secreted effector, consisting only of a single 
LysM domain, was identified and named RiSLM (Schmitz et al., 2019; 
Tisserant et al., 2013; Sędzielewska Toro and Brachmann, 2016; Zeng 
et al., 2018). Our transcriptome analysis showed that this effector is 
one of the most highly expressed fungal genes in the symbiosis with 
at least three evolutionarily distantly related plant species, Medicago, 
Nicotiana benthamiana and Allium schoenoprasum (Zeng et al., 2018). 
We additionally mined publically available transcriptome data of R. 
irregularis and found that RiSLM is also highly expressed in the symbiosis 
with tomato and Lotus japonicus (Sugimura and Saito, 2017) (Fig. 1a). 
The high expression level of RiSLM in such a wide range of host species 
suggests that RiSLM plays a fundamental role during the symbiosis. A time 
course experiment in Medicago revealed that RiSLM expression correlates 
with fungal colonization and abundance, as reflected by the expression 
of R. irregularis Elongation Factor 1α (RiEF) and the arbuscule-specific 
phosphate transporter (MtPT4, Javot et al., 2007) (Fig. 1b). Stage-
specific transcriptome analyses in Medicago further indicated that RiSLM 
is the highest expressed effector gene in intraradical mycelium (Fig. 
1c). Expression of RiSLM was also induced in germinating spores upon 
treatment with the strigolactone analog GR24 and rice root exudates 
(Tsuzuki et al., 2016; Nadal et al., 2017), suggesting that RiSLM may 
play a role already upon fungal contact at the epidermis. To verify that 
RiSLM can be secreted by the fungus, we used a yeast signal sequence 
trap system, in analogy to Kloppholz et al. (2011).  Expressing the full 
length RiSLM protein including its endogenous signal peptide sequence 
fused to an invertase allowed the mutant yeast strain Y02321, which 
cannot secrete invertase by itself, to efficiently grow on sucrose containing 
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medium (Fig. S1). This indicates that RiSLM is indeed a secreted protein.

LysM effector genes are a conserved feature in AM fungi

To determine whether the presence of a LysM effector gene is a conserved 
feature of AM fungi, we searched for RiSLM homologs in the publically 
available genome or transcriptome sequences of 5 additional R. irregularis 
isolates (Ropars et al., 2016; Chen et al., 2018) and of the different AM 
species Rhizophagus clarus (Sędzielewska Toro and Brachmann, 2016), 
Gigaspora margarita and Gigaspora rosea (Salvioli et al., 2016; Tang 
et al., 2016). In all AM fungal genomes/transcriptomes we could detect 
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Figure 1. RiSLM is highly induced in intraradical mycelium in a wide range 
of host plants. (a) RiSLM is highly induced in five hosts Medicago truncatula 
(Medicago), Allium schoenoprasum (Chives), Nicotiana benthamiana (Nicotiana), 
Solanum lycopersicum (Tomato) and Lotus japonicus (Lotus) compared to 
germinating spores (GS). TPM (transcripts per million) was used to represent 
expression levels. Error bars represent standard error from either 3 replicates (for 
Medicago, Chives and Nicotiana) or 2 replicates (for Lotus and Tomato), collected 
from independent RNAseq experiments. (b) qPCR analysis, showing that RiSLM 
(relative to RiEF) induced during AM colonization and arbuscule development as 
represented by relative expression of R. irregularis Elongation factor (RiEF) and 
the arbuscule-specific phosphate transporter (MtPT4) normalized by Medicago 
Elongation factor (MtEF). Error bar represents standard error from three biological 
replicates. (c) RiSLM expression based on RNAseq analyses of laser microdissected 
arbuscules (ARB) and intraradical mycelium (IRM) compared to extraradical 
mycelium (ERM) and germinating spores (GS). Error bars represents standard 
errors from three biological replicates.  For all figures, different characters indicate 
significant differences (LSD p < 0.05)
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chitin triggered immune responses, especially by secreting specific 
effectors (Rovenich et al., 2016). 

One strategy relies on the secretion of effector proteins that interfere 
with chitin-triggered immunity (Sánchez-Vallet et al., 2015; Rovenich et 
al., 2016).  These include secreted proteins that consist of 1-3 LysM 
domains (Kombrink and Thomma, 2013). A key example is the LysM 
effector Ecp6 from Cladosporium fulvum, which is able to sequester fungal 
cell wall-derived chitooligosaccharides (COs) (de Jonge et al., 2010). 
LysM effectors have since been identified in several foliar pathogenic 
fungi including the wheat pathogen Zymoseptoria tritici (Mycosphaerella 
graminicola; Mg1LysM and Mg3LysM), the rice blast fungus Magnaporthe 
oryzae (Slp1), the Brassicaceae anthracnose fungus Colletotrichum 
higginsianum (ChELP1 and -2) and in the generalist vascular wilt fungal 
pathogen Verticillium dahliae (Marshall et al., 2011; Mentlak et al., 
2012; Lee et al., 2014; Takahara et al., 2016; Kombrink et al., 2017). 
Such LysM effectors can protect fungal hyphae against the activity of 
plant chitinases (Mg1LysM and Mg3LysM) or suppresses chitin-triggered 
defense responses by sequestering chitin fragments (Elp1, Ecp6) or have 
both activities (Mg3LysM) (Sánchez-Vallet et al., 2015; Rovenich et al., 
2016). The occurrence of LysM effectors in such a variety of pathogenic 
fungi suggests they may be a widespread strategy for fungi to subvert 
chitin-triggered immunity in a broad range of hosts.

Mutualistic arbuscular mycorrhizal (AM fungi) establish an intimate 
interaction with the vast majority (>80%) of all higher plants (Smith and 
Read, 2008). During this symbiosis, the fungi are intracellularly hosted 
in the inner root cortical cells forming highly branched hyphal structures, 
called arbuscules, where nutrients are exchanged in a cooperative 
manner (Gutjahr and Parniske, 2013). Chitin is also a key component of 
the cell wall of AM fungi and consistently, it has been reported that plant 
defence responses are induced in the early stage of AM symbiosis but 
these are quickly suppressed as the interaction progresses (Gianninazi-
Pearson et al., 1996; García-Garrido and Ocampo, 2002; Zamioudis and 
Pieterse, 2012). How AM fungi suppress chitin induced immune responses 
is not known. Here we study whether AM fungi use similar effectors as 
pathogenic fungi to suppress this response.

Genomic analyses have identified a LysM domain containing effector 
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Lotus japonicus and tomato from DDBJ database DRA005187. RNAseq 
data was analysed as described by Zeng et al., 2018. Quantification was 
done using default setting in CLC genomics workbench 10.0.1. 

Results

A Rhizophagus irregularis LysM effector highly expressed in 
intraradical mycelium

Fungal pathogens use LysM effectors to counteract chitin-based 
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analysing the predicted secretome of the model AM fungus R. irregularis 
DAOM197198 a small secreted effector, consisting only of a single 
LysM domain, was identified and named RiSLM (Schmitz et al., 2019; 
Tisserant et al., 2013; Sędzielewska Toro and Brachmann, 2016; Zeng 
et al., 2018). Our transcriptome analysis showed that this effector is 
one of the most highly expressed fungal genes in the symbiosis with 
at least three evolutionarily distantly related plant species, Medicago, 
Nicotiana benthamiana and Allium schoenoprasum (Zeng et al., 2018). 
We additionally mined publically available transcriptome data of R. 
irregularis and found that RiSLM is also highly expressed in the symbiosis 
with tomato and Lotus japonicus (Sugimura and Saito, 2017) (Fig. 1a). 
The high expression level of RiSLM in such a wide range of host species 
suggests that RiSLM plays a fundamental role during the symbiosis. A time 
course experiment in Medicago revealed that RiSLM expression correlates 
with fungal colonization and abundance, as reflected by the expression 
of R. irregularis Elongation Factor 1α (RiEF) and the arbuscule-specific 
phosphate transporter (MtPT4, Javot et al., 2007) (Fig. 1b). Stage-
specific transcriptome analyses in Medicago further indicated that RiSLM 
is the highest expressed effector gene in intraradical mycelium (Fig. 
1c). Expression of RiSLM was also induced in germinating spores upon 
treatment with the strigolactone analog GR24 and rice root exudates 
(Tsuzuki et al., 2016; Nadal et al., 2017), suggesting that RiSLM may 
play a role already upon fungal contact at the epidermis. To verify that 
RiSLM can be secreted by the fungus, we used a yeast signal sequence 
trap system, in analogy to Kloppholz et al. (2011).  Expressing the full 
length RiSLM protein including its endogenous signal peptide sequence 
fused to an invertase allowed the mutant yeast strain Y02321, which 
cannot secrete invertase by itself, to efficiently grow on sucrose containing 
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medium (Fig. S1). This indicates that RiSLM is indeed a secreted protein.

LysM effector genes are a conserved feature in AM fungi

To determine whether the presence of a LysM effector gene is a conserved 
feature of AM fungi, we searched for RiSLM homologs in the publically 
available genome or transcriptome sequences of 5 additional R. irregularis 
isolates (Ropars et al., 2016; Chen et al., 2018) and of the different AM 
species Rhizophagus clarus (Sędzielewska Toro and Brachmann, 2016), 
Gigaspora margarita and Gigaspora rosea (Salvioli et al., 2016; Tang 
et al., 2016). In all AM fungal genomes/transcriptomes we could detect 
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Figure 1. RiSLM is highly induced in intraradical mycelium in a wide range 
of host plants. (a) RiSLM is highly induced in five hosts Medicago truncatula 
(Medicago), Allium schoenoprasum (Chives), Nicotiana benthamiana (Nicotiana), 
Solanum lycopersicum (Tomato) and Lotus japonicus (Lotus) compared to 
germinating spores (GS). TPM (transcripts per million) was used to represent 
expression levels. Error bars represent standard error from either 3 replicates (for 
Medicago, Chives and Nicotiana) or 2 replicates (for Lotus and Tomato), collected 
from independent RNAseq experiments. (b) qPCR analysis, showing that RiSLM 
(relative to RiEF) induced during AM colonization and arbuscule development as 
represented by relative expression of R. irregularis Elongation factor (RiEF) and 
the arbuscule-specific phosphate transporter (MtPT4) normalized by Medicago 
Elongation factor (MtEF). Error bar represents standard error from three biological 
replicates. (c) RiSLM expression based on RNAseq analyses of laser microdissected 
arbuscules (ARB) and intraradical mycelium (IRM) compared to extraradical 
mycelium (ERM) and germinating spores (GS). Error bars represents standard 
errors from three biological replicates.  For all figures, different characters indicate 
significant differences (LSD p < 0.05)
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Abstract

Arbuscular mycorrhizal (AM) fungi greatly improve mineral uptake by 
host plants in nutrient-depleted soil and can intracellularly colonize root 
cortex cells in the vast majority of higher plants. However, AM fungi 
possess common fungal cell wall components such as chitin which can 
be recognized by plant chitin receptors to trigger immune responses, 
raising the question how AM fungi effectively evade chitin-triggered 
immune responses during symbiosis. In this study, we characterize a 
secreted LysM (Lysin motif) effector identified from the model AM fungal 
species Rhizophagus irregularis, called RiSLM. RiSLM is one of the highest 
expressed effector proteins in intraradical mycelium during the symbiosis. 
In vitro binding assays show that RiSLM binds chitin-oligosaccharides and 
can protect fungal cell walls from chitinases. Moreover, RiSLM efficiently 
interferes with chitin-triggered immune responses, such as defence gene 
induction and reactive oxygen species production in Medicago truncatula. 
Although RiSLM also binds to symbiotic (lipo)chito-oligosaccharides it 
does not interfere significantly with symbiotic signalling in Medicago. 
Host-induced gene silencing of RiSLM greatly reduces fungal colonization 
levels. Taken together, our results reveal a key role for AM fungal LysM 
effectors to subvert chitin-triggered immunity in symbiosis, pointing to a 
common role for LysM effectors in both symbiotic and pathogenic fungi.

Introduction

Plants interact with microbes that can range from pathogenic to 
mutualistic. Typically, plants sense the presence of such microbes by the 
perception of microbe-associated molecular patterns (MAMPs) that are 
recognized by plant pattern recognition receptors. A major MAMP is chitin, 
a homopolymer of unbranched β-1,4-linked N-acetylglucosamine which 
is a key component of fungal cell walls (Valet et al., 2014). Especially its 
breakdown products chitooligosaccharides (COs) are perceived by plant 
Lysin motif (LysM) plasma membrane receptors that trigger immune 
responses such as defence-gene induction, secretion of chitinases and 
generation of reactive oxygen species (Bozsoki et al., 2017; Miya et al., 
2007; Shimizu et al., 2010). Nevertheless biotrophic pathogenic fungi 
that colonize plants have evolved strategies to evade or down-regulate 
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the presence of LysM effectors, containing a signal peptide followed by a 
single LysM domain (Table S2). Most AM fungal species/isolates harbour 
only one LysM effector. However, we detected four LysM effector-coding 
genes in the R. irregularis A4 genome (Fig. 2). We noticed that there 
is significant variation at the RiSLM amino-acid level in the different R. 
irregularis isolates, in agreement with the analyses by Schmitz et al. 
(2018). Strikingly, even higher divergence is observed among RiSLM 
protein sequences of different R. irregularis isolates than between the 
LysM effector from R. irregularis and G. rosea (Fig. 2), which leads us to 
speculate that there may be significant levels of selection or adaptation 
to different plant hosts, for example to avoid subsequent effector-
triggered immune responses. Nevertheless, these analyses indicate that 
the presence of a LysM effector gene is a conserved feature in AM fungi.

Comparison of AM fungal LysM domains with pathogenic fungal LysM 
domains showed that most AM LysM effectors contain two conserved 
cysteine residues in the LysM domain (Fig. S2), in contrast to only one 
or no cysteines in the LysM domains of pathogenic LysM effectors. These 
cysteine residues may be crucial to form disulfide bridges to stabilize the 
protein or to form protein complexes. In addition, significant enrichment 
of positively charged lysine and arginine residues was observed in most 
AM LysM domains (Fig. S2), suggesting that ionic interactions may be 
important for proper function of AM LysM effectors. Alternatively, positive 
charged residues in the LysM domain may be required to recruit the 
effectors to the negatively charged host membrane to interact with 
potential host receptors.

Signal peptide LysM domain

Figure 2. LysM effectors are a conserved feature of AM fungi. LysM effectors 
from different AM fungal species/isolates were aligned using MAFFT and grouped 
using Geneious tree builder (https://www.geneious.com). Signal peptide and LysM 
domain are marked. 
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RiSLM binds chitin and chitooligosaccharides 

To investigate the function of RiSLM we produced and purified the 
RiSLM protein, using the Champion pET-SUMO expression system, from 
Escherichia coli ORIGAMI cells. After affinity purification and size-exclusion 
chromatography we noticed two faint additional bands (of  ~14 kDa and 
~21 kDa) next to the expected ~7 kDa RiSLM band on a coomassie 
blue stained protein gel (Fig. S3a). These bands may reflect oligomers 
of RiSLM, as was previously observed for the Slp1 LysM effector from M. 
oryzae and Vd2LysM from V. dahliae (Mentlak et al., 2012; Kombrink et 
al., 2017). We first tested the ability of the purified RiSLM protein to bind 
chitin using affinity precipitation assays with the insoluble carbohydrates 
chitin, chitosan, xylan and cellulose. This showed that the majority of the 
RiSLM protein was precipitated with insoluble chitin, but not (or hardly) 
with cellulose or xylan (Fig. S3b). Incubation with insoluble chitosan 
(deacetylated chitin) also resulted in precipitation of RiSLM although not 
as strong as with chitin. This indicates that RiSLM has the highest affinity 
for acetylated chitin residues. To better study the affinity of RiSLM for 
chitooligosaccharides (COs) of different lengths we performed microscale 
thermophoresis experiments. This revealed a binding affinity (Kd) of 8.8 
± 1.2 µM for CO7, and slightly lower for CO4 (37.1 ± 1.4 µM) and CO5 
(59.4 ± 2.1 µM) (Fig. 3). No binding was observed for their deacetylated 
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Figure 3. RiSLM binds chitin in the micromolar range. CO4, CO5 and CO7 
were used to test binding affinity between RiSLM and chitin-oligosaccharides using 
microscale thermophoresis. This revealed affinities of RiSLM for CO4, CO5 and 
CO7, respectively. X axis indicates ligand concentration. Y axis indicates the change 
in normalized fluorescence (ΔFnorm in [‰]) after binding with different ligands. 
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chitin triggered immune responses, especially by secreting specific 
effectors (Rovenich et al., 2016). 

One strategy relies on the secretion of effector proteins that interfere 
with chitin-triggered immunity (Sánchez-Vallet et al., 2015; Rovenich et 
al., 2016).  These include secreted proteins that consist of 1-3 LysM 
domains (Kombrink and Thomma, 2013). A key example is the LysM 
effector Ecp6 from Cladosporium fulvum, which is able to sequester fungal 
cell wall-derived chitooligosaccharides (COs) (de Jonge et al., 2010). 
LysM effectors have since been identified in several foliar pathogenic 
fungi including the wheat pathogen Zymoseptoria tritici (Mycosphaerella 
graminicola; Mg1LysM and Mg3LysM), the rice blast fungus Magnaporthe 
oryzae (Slp1), the Brassicaceae anthracnose fungus Colletotrichum 
higginsianum (ChELP1 and -2) and in the generalist vascular wilt fungal 
pathogen Verticillium dahliae (Marshall et al., 2011; Mentlak et al., 
2012; Lee et al., 2014; Takahara et al., 2016; Kombrink et al., 2017). 
Such LysM effectors can protect fungal hyphae against the activity of 
plant chitinases (Mg1LysM and Mg3LysM) or suppresses chitin-triggered 
defense responses by sequestering chitin fragments (Elp1, Ecp6) or have 
both activities (Mg3LysM) (Sánchez-Vallet et al., 2015; Rovenich et al., 
2016). The occurrence of LysM effectors in such a variety of pathogenic 
fungi suggests they may be a widespread strategy for fungi to subvert 
chitin-triggered immunity in a broad range of hosts.

Mutualistic arbuscular mycorrhizal (AM fungi) establish an intimate 
interaction with the vast majority (>80%) of all higher plants (Smith and 
Read, 2008). During this symbiosis, the fungi are intracellularly hosted 
in the inner root cortical cells forming highly branched hyphal structures, 
called arbuscules, where nutrients are exchanged in a cooperative 
manner (Gutjahr and Parniske, 2013). Chitin is also a key component of 
the cell wall of AM fungi and consistently, it has been reported that plant 
defence responses are induced in the early stage of AM symbiosis but 
these are quickly suppressed as the interaction progresses (Gianninazi-
Pearson et al., 1996; García-Garrido and Ocampo, 2002; Zamioudis and 
Pieterse, 2012). How AM fungi suppress chitin induced immune responses 
is not known. Here we study whether AM fungi use similar effectors as 
pathogenic fungi to suppress this response.

Genomic analyses have identified a LysM domain containing effector 
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the presence of LysM effectors, containing a signal peptide followed by a 
single LysM domain (Table S2). Most AM fungal species/isolates harbour 
only one LysM effector. However, we detected four LysM effector-coding 
genes in the R. irregularis A4 genome (Fig. 2). We noticed that there 
is significant variation at the RiSLM amino-acid level in the different R. 
irregularis isolates, in agreement with the analyses by Schmitz et al. 
(2018). Strikingly, even higher divergence is observed among RiSLM 
protein sequences of different R. irregularis isolates than between the 
LysM effector from R. irregularis and G. rosea (Fig. 2), which leads us to 
speculate that there may be significant levels of selection or adaptation 
to different plant hosts, for example to avoid subsequent effector-
triggered immune responses. Nevertheless, these analyses indicate that 
the presence of a LysM effector gene is a conserved feature in AM fungi.

Comparison of AM fungal LysM domains with pathogenic fungal LysM 
domains showed that most AM LysM effectors contain two conserved 
cysteine residues in the LysM domain (Fig. S2), in contrast to only one 
or no cysteines in the LysM domains of pathogenic LysM effectors. These 
cysteine residues may be crucial to form disulfide bridges to stabilize the 
protein or to form protein complexes. In addition, significant enrichment 
of positively charged lysine and arginine residues was observed in most 
AM LysM domains (Fig. S2), suggesting that ionic interactions may be 
important for proper function of AM LysM effectors. Alternatively, positive 
charged residues in the LysM domain may be required to recruit the 
effectors to the negatively charged host membrane to interact with 
potential host receptors.

Signal peptide LysM domain

Figure 2. LysM effectors are a conserved feature of AM fungi. LysM effectors 
from different AM fungal species/isolates were aligned using MAFFT and grouped 
using Geneious tree builder (https://www.geneious.com). Signal peptide and LysM 
domain are marked. 
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RiSLM binds chitin and chitooligosaccharides 

To investigate the function of RiSLM we produced and purified the 
RiSLM protein, using the Champion pET-SUMO expression system, from 
Escherichia coli ORIGAMI cells. After affinity purification and size-exclusion 
chromatography we noticed two faint additional bands (of  ~14 kDa and 
~21 kDa) next to the expected ~7 kDa RiSLM band on a coomassie 
blue stained protein gel (Fig. S3a). These bands may reflect oligomers 
of RiSLM, as was previously observed for the Slp1 LysM effector from M. 
oryzae and Vd2LysM from V. dahliae (Mentlak et al., 2012; Kombrink et 
al., 2017). We first tested the ability of the purified RiSLM protein to bind 
chitin using affinity precipitation assays with the insoluble carbohydrates 
chitin, chitosan, xylan and cellulose. This showed that the majority of the 
RiSLM protein was precipitated with insoluble chitin, but not (or hardly) 
with cellulose or xylan (Fig. S3b). Incubation with insoluble chitosan 
(deacetylated chitin) also resulted in precipitation of RiSLM although not 
as strong as with chitin. This indicates that RiSLM has the highest affinity 
for acetylated chitin residues. To better study the affinity of RiSLM for 
chitooligosaccharides (COs) of different lengths we performed microscale 
thermophoresis experiments. This revealed a binding affinity (Kd) of 8.8 
± 1.2 µM for CO7, and slightly lower for CO4 (37.1 ± 1.4 µM) and CO5 
(59.4 ± 2.1 µM) (Fig. 3). No binding was observed for their deacetylated 
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Abstract

Arbuscular mycorrhizal (AM) fungi greatly improve mineral uptake by 
host plants in nutrient-depleted soil and can intracellularly colonize root 
cortex cells in the vast majority of higher plants. However, AM fungi 
possess common fungal cell wall components such as chitin which can 
be recognized by plant chitin receptors to trigger immune responses, 
raising the question how AM fungi effectively evade chitin-triggered 
immune responses during symbiosis. In this study, we characterize a 
secreted LysM (Lysin motif) effector identified from the model AM fungal 
species Rhizophagus irregularis, called RiSLM. RiSLM is one of the highest 
expressed effector proteins in intraradical mycelium during the symbiosis. 
In vitro binding assays show that RiSLM binds chitin-oligosaccharides and 
can protect fungal cell walls from chitinases. Moreover, RiSLM efficiently 
interferes with chitin-triggered immune responses, such as defence gene 
induction and reactive oxygen species production in Medicago truncatula. 
Although RiSLM also binds to symbiotic (lipo)chito-oligosaccharides it 
does not interfere significantly with symbiotic signalling in Medicago. 
Host-induced gene silencing of RiSLM greatly reduces fungal colonization 
levels. Taken together, our results reveal a key role for AM fungal LysM 
effectors to subvert chitin-triggered immunity in symbiosis, pointing to a 
common role for LysM effectors in both symbiotic and pathogenic fungi.

Introduction

Plants interact with microbes that can range from pathogenic to 
mutualistic. Typically, plants sense the presence of such microbes by the 
perception of microbe-associated molecular patterns (MAMPs) that are 
recognized by plant pattern recognition receptors. A major MAMP is chitin, 
a homopolymer of unbranched β-1,4-linked N-acetylglucosamine which 
is a key component of fungal cell walls (Valet et al., 2014). Especially its 
breakdown products chitooligosaccharides (COs) are perceived by plant 
Lysin motif (LysM) plasma membrane receptors that trigger immune 
responses such as defence-gene induction, secretion of chitinases and 
generation of reactive oxygen species (Bozsoki et al., 2017; Miya et al., 
2007; Shimizu et al., 2010). Nevertheless biotrophic pathogenic fungi 
that colonize plants have evolved strategies to evade or down-regulate 
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counterpart (Fig. S4). These analyses show that RiSLM can bind COs of 
various lengths, of which especially longer chain COs such as CO7 or CO8 
are known to be potent elicitors of chitin triggered immunity in plants. 

RiSLM can protect fungal hyphae against degradation by plant 
chitinases

Fungal LysM effectors from pathogens have been found to either protect 
fungal cell walls from apoplastic chitinases or to suppress chitin-triggered 
immunity, with some LysM effectors possessing both activities to support 
fungal infection (de Jonge et al., 2010; Marshall et al., 2011; Mentlak et 
al., 2012; Lee et al., 2014; Kombrink et al., 2017). To test whether RiSLM 
has the ability to protect against plant chitinases, we tested the effect of 
RiSLM on hyphal integrity of Trichoderma viride and Fusarium oxysporum 
f. sp. lycopersici upon treatment with tomato chitinases. Germinated T. 
viride and F. oxysporum f. sp. lycopersici spores were incubated for 4 
hours with a chitinase extract from tomato leaves in presence or absence 
of 50 or 100 µM RiSLM. As a positive control we used the chitin-binding 
AVR4 effector from Cladosporium fulvum, which has been shown to 
protect fungal hyphae in a similar assay (van den Burg et al., 2006). As 
can be seen from Fig. 4 and Fig. S5, fungal hyphae were still intact after 
treatment with the chitinase extract in the presence of both CfAVR4 and 
RiSLM, while control treatments resulted in their degradation, showing 
that RiSLM can protect fungal hyphae against the hydrolytic activity of 
plant chitinases. 

RiSLM suppresses chitin-triggered immune responses

Next we tested whether RiSLM can also suppress chitin triggered immune 
responses in the plant. As a first assay we studied the ability of RiSLM 
to suppress CO8-induced defence gene induction in Medicago roots. In 
this assay (Nars et al., 2013), freshly germinated Medicago seedlings 
were incubated in liquid M medium for 5 days at 21°C after which the 
plants were treated with 100 nM CO8 in the presence or absence of either 
equimolar (100 nM) or 5× excess (500 nM) of RiSLM protein. Roots were 
harvested 1 hour after treatment and the expression of three defence 
marker genes, MtEPI (NAD-dependent epimerase/dehydratase), MtPAL 
(phenylalanine ammonia lyase) and MtTHA (thaumatin), was determined 
by real-time PCR analysis. Upon 1 hour CO8 treatment all marker genes 
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Figure 4. RiSLM protects hyphae from the pathogenic fungus Trichoderma 
viride against plant chitinases. Germinated hyphae are treated with 50 µM AVR4, 
50 µM RiSLM or 100 µM RiSLM and incubated at room temperature for 2 hours, and 
subsequently treated with a tomato chitinase preparation or water for 4 hours. Water 
or buffer used for size-exclusion chromatography (SEC) were used as negative 
controls. The Avr4 effector from Cladosporium fulvum was used as positive control. 
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chitin triggered immune responses, especially by secreting specific 
effectors (Rovenich et al., 2016). 

One strategy relies on the secretion of effector proteins that interfere 
with chitin-triggered immunity (Sánchez-Vallet et al., 2015; Rovenich et 
al., 2016).  These include secreted proteins that consist of 1-3 LysM 
domains (Kombrink and Thomma, 2013). A key example is the LysM 
effector Ecp6 from Cladosporium fulvum, which is able to sequester fungal 
cell wall-derived chitooligosaccharides (COs) (de Jonge et al., 2010). 
LysM effectors have since been identified in several foliar pathogenic 
fungi including the wheat pathogen Zymoseptoria tritici (Mycosphaerella 
graminicola; Mg1LysM and Mg3LysM), the rice blast fungus Magnaporthe 
oryzae (Slp1), the Brassicaceae anthracnose fungus Colletotrichum 
higginsianum (ChELP1 and -2) and in the generalist vascular wilt fungal 
pathogen Verticillium dahliae (Marshall et al., 2011; Mentlak et al., 
2012; Lee et al., 2014; Takahara et al., 2016; Kombrink et al., 2017). 
Such LysM effectors can protect fungal hyphae against the activity of 
plant chitinases (Mg1LysM and Mg3LysM) or suppresses chitin-triggered 
defense responses by sequestering chitin fragments (Elp1, Ecp6) or have 
both activities (Mg3LysM) (Sánchez-Vallet et al., 2015; Rovenich et al., 
2016). The occurrence of LysM effectors in such a variety of pathogenic 
fungi suggests they may be a widespread strategy for fungi to subvert 
chitin-triggered immunity in a broad range of hosts.

Mutualistic arbuscular mycorrhizal (AM fungi) establish an intimate 
interaction with the vast majority (>80%) of all higher plants (Smith and 
Read, 2008). During this symbiosis, the fungi are intracellularly hosted 
in the inner root cortical cells forming highly branched hyphal structures, 
called arbuscules, where nutrients are exchanged in a cooperative 
manner (Gutjahr and Parniske, 2013). Chitin is also a key component of 
the cell wall of AM fungi and consistently, it has been reported that plant 
defence responses are induced in the early stage of AM symbiosis but 
these are quickly suppressed as the interaction progresses (Gianninazi-
Pearson et al., 1996; García-Garrido and Ocampo, 2002; Zamioudis and 
Pieterse, 2012). How AM fungi suppress chitin induced immune responses 
is not known. Here we study whether AM fungi use similar effectors as 
pathogenic fungi to suppress this response.

Genomic analyses have identified a LysM domain containing effector 
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counterpart (Fig. S4). These analyses show that RiSLM can bind COs of 
various lengths, of which especially longer chain COs such as CO7 or CO8 
are known to be potent elicitors of chitin triggered immunity in plants. 

RiSLM can protect fungal hyphae against degradation by plant 
chitinases

Fungal LysM effectors from pathogens have been found to either protect 
fungal cell walls from apoplastic chitinases or to suppress chitin-triggered 
immunity, with some LysM effectors possessing both activities to support 
fungal infection (de Jonge et al., 2010; Marshall et al., 2011; Mentlak et 
al., 2012; Lee et al., 2014; Kombrink et al., 2017). To test whether RiSLM 
has the ability to protect against plant chitinases, we tested the effect of 
RiSLM on hyphal integrity of Trichoderma viride and Fusarium oxysporum 
f. sp. lycopersici upon treatment with tomato chitinases. Germinated T. 
viride and F. oxysporum f. sp. lycopersici spores were incubated for 4 
hours with a chitinase extract from tomato leaves in presence or absence 
of 50 or 100 µM RiSLM. As a positive control we used the chitin-binding 
AVR4 effector from Cladosporium fulvum, which has been shown to 
protect fungal hyphae in a similar assay (van den Burg et al., 2006). As 
can be seen from Fig. 4 and Fig. S5, fungal hyphae were still intact after 
treatment with the chitinase extract in the presence of both CfAVR4 and 
RiSLM, while control treatments resulted in their degradation, showing 
that RiSLM can protect fungal hyphae against the hydrolytic activity of 
plant chitinases. 

RiSLM suppresses chitin-triggered immune responses

Next we tested whether RiSLM can also suppress chitin triggered immune 
responses in the plant. As a first assay we studied the ability of RiSLM 
to suppress CO8-induced defence gene induction in Medicago roots. In 
this assay (Nars et al., 2013), freshly germinated Medicago seedlings 
were incubated in liquid M medium for 5 days at 21°C after which the 
plants were treated with 100 nM CO8 in the presence or absence of either 
equimolar (100 nM) or 5× excess (500 nM) of RiSLM protein. Roots were 
harvested 1 hour after treatment and the expression of three defence 
marker genes, MtEPI (NAD-dependent epimerase/dehydratase), MtPAL 
(phenylalanine ammonia lyase) and MtTHA (thaumatin), was determined 
by real-time PCR analysis. Upon 1 hour CO8 treatment all marker genes 
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Arbuscular mycorrhizal (AM) fungi greatly improve mineral uptake by 
host plants in nutrient-depleted soil and can intracellularly colonize root 
cortex cells in the vast majority of higher plants. However, AM fungi 
possess common fungal cell wall components such as chitin which can 
be recognized by plant chitin receptors to trigger immune responses, 
raising the question how AM fungi effectively evade chitin-triggered 
immune responses during symbiosis. In this study, we characterize a 
secreted LysM (Lysin motif) effector identified from the model AM fungal 
species Rhizophagus irregularis, called RiSLM. RiSLM is one of the highest 
expressed effector proteins in intraradical mycelium during the symbiosis. 
In vitro binding assays show that RiSLM binds chitin-oligosaccharides and 
can protect fungal cell walls from chitinases. Moreover, RiSLM efficiently 
interferes with chitin-triggered immune responses, such as defence gene 
induction and reactive oxygen species production in Medicago truncatula. 
Although RiSLM also binds to symbiotic (lipo)chito-oligosaccharides it 
does not interfere significantly with symbiotic signalling in Medicago. 
Host-induced gene silencing of RiSLM greatly reduces fungal colonization 
levels. Taken together, our results reveal a key role for AM fungal LysM 
effectors to subvert chitin-triggered immunity in symbiosis, pointing to a 
common role for LysM effectors in both symbiotic and pathogenic fungi.

Introduction

Plants interact with microbes that can range from pathogenic to 
mutualistic. Typically, plants sense the presence of such microbes by the 
perception of microbe-associated molecular patterns (MAMPs) that are 
recognized by plant pattern recognition receptors. A major MAMP is chitin, 
a homopolymer of unbranched β-1,4-linked N-acetylglucosamine which 
is a key component of fungal cell walls (Valet et al., 2014). Especially its 
breakdown products chitooligosaccharides (COs) are perceived by plant 
Lysin motif (LysM) plasma membrane receptors that trigger immune 
responses such as defence-gene induction, secretion of chitinases and 
generation of reactive oxygen species (Bozsoki et al., 2017; Miya et al., 
2007; Shimizu et al., 2010). Nevertheless biotrophic pathogenic fungi 
that colonize plants have evolved strategies to evade or down-regulate 
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were markedly induced. This induction was suppressed by 100 nM RiSLM, 
with 500 nM RiSLM showing an even stronger inhibitory effect, indicating 
that RiSLM suppresses CO8-induced defence gene expression in a dose-
dependent manner (Fig. 5a). 

As a second assay we measured the ability of RiSLM to inhibit CO8-induced 
reactive oxygen species (ROS) production using a chemiluminescence 
assay. In the absence of RiSLM, 1 µM CO8 induced a clear ROS burst 
in 0.5–1 cm Medicago root sections (Fig. 5b). However, the ROS burst 
was greatly reduced upon co-treatment with equimolar (1 µM) amounts 
of RiSLM, showing that RiSLM is able to suppress chitin-triggered ROS 
production (Fig. 5b). To rule out that RiSLM may have a general inhibitory 
effect on PAMP-triggered defence responses, we tested whether RiSLM 
would inhibit flg22-induced ROS production. No inhibition of a ROS burst 
induced by 100 nM flg22 was observed in Medicago roots when 4x excess 
RiSLM was used (Fig. S6). Taken together, these results indicate that 
RiSLM can suppress chitin-triggered immune responses. 

RiSLM does not significantly block symbiotic signalling

Besides chitin oligomers that trigger immune responses, AM fungi also 
produce chitin-derived lipo-chitooligosaccharides (Myc-LCOs) and short 
chain COs (CO4/5), collectively called Myc factors, that activate the 
common symbiotic signalling pathway to establish the symbiosis (Maillet 
et al., 2011; Genre et al., 2013). Our study already indicated that 
RiSLM can bind CO4 and CO5 in the micromolar range (Fig. 3), raising 
the question whether RiSLM might interfere with the signalling role of 
Myc factors. To investigate this we first additionally tested the affinity 
of RiSLM for Myc-LCOs. R. irregularis produces both sulphated and non-
sulphated tetrameric or pentameric LCOs with variable length/saturation 
of the fatty acyl chain (Maillet et al., 2011). Microscale thermophoresis 
analyses of RiSLM with either sulphated or non-sulphated tetrameric 
(C18:1) LCOs showed that RiSLM binds these Myc-LCOs. LCO-IV(C18:1, 
S) binding curve analysis revealed two binding events (inset Fig. 6a). 
The first one occurring at concentrations ranging from 0.1 to 100 nM 
while the other one was observed at higher LCO concentrations, with a 
much larger fluorescent signal amplitude but without reaching saturation. 
LCO-IV(C18:1) binding to RiSLM resulted in a single binding event 
exhibiting a feature similar to the first event of LCO-IV(C18:1, S) binding. 
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Therefore, by referring to the same binding event, it can be deduced 
from the plots reported in Fig.6a (main panel) that LCO-IV(C18:1, S) 
exhibits a higher affinity (Kd ~15 nM) than LCO-IV(C18:1) (Kd ~240 nM). 
The second binding event observed for LCO-IV(C18:1, S) could be due 
to multimerization, and because it occurs at high concentrations it is 
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Figure 5. RiSLM suppresses CO8-triggered plant immunity. (a) RiSLM 
suppresses CO8-triggered defence marker gene induction in Medicago R108 roots 
treated with 100nM CO8 in combination with either 100nM or 500nM RiSLM for 1 
hour. Three defence marker genes EPI, PAL and THA were used to monitor defence 
responses by qPCR. Error bar represents standard error from three biological 
replicates. (b) RiSLM suppresses chitin-triggered ROS burst. Medicago truncatula 
A17 root pieces were treated with 1µM CO8 with or without equal molar amounts 
of RiSLM . Error bars represent standard error from 6 biological replicates. For 
both figures, different letters indicate significant difference (LSD p<0.05) between 
different treatments. 
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chitin triggered immune responses, especially by secreting specific 
effectors (Rovenich et al., 2016). 

One strategy relies on the secretion of effector proteins that interfere 
with chitin-triggered immunity (Sánchez-Vallet et al., 2015; Rovenich et 
al., 2016).  These include secreted proteins that consist of 1-3 LysM 
domains (Kombrink and Thomma, 2013). A key example is the LysM 
effector Ecp6 from Cladosporium fulvum, which is able to sequester fungal 
cell wall-derived chitooligosaccharides (COs) (de Jonge et al., 2010). 
LysM effectors have since been identified in several foliar pathogenic 
fungi including the wheat pathogen Zymoseptoria tritici (Mycosphaerella 
graminicola; Mg1LysM and Mg3LysM), the rice blast fungus Magnaporthe 
oryzae (Slp1), the Brassicaceae anthracnose fungus Colletotrichum 
higginsianum (ChELP1 and -2) and in the generalist vascular wilt fungal 
pathogen Verticillium dahliae (Marshall et al., 2011; Mentlak et al., 
2012; Lee et al., 2014; Takahara et al., 2016; Kombrink et al., 2017). 
Such LysM effectors can protect fungal hyphae against the activity of 
plant chitinases (Mg1LysM and Mg3LysM) or suppresses chitin-triggered 
defense responses by sequestering chitin fragments (Elp1, Ecp6) or have 
both activities (Mg3LysM) (Sánchez-Vallet et al., 2015; Rovenich et al., 
2016). The occurrence of LysM effectors in such a variety of pathogenic 
fungi suggests they may be a widespread strategy for fungi to subvert 
chitin-triggered immunity in a broad range of hosts.

Mutualistic arbuscular mycorrhizal (AM fungi) establish an intimate 
interaction with the vast majority (>80%) of all higher plants (Smith and 
Read, 2008). During this symbiosis, the fungi are intracellularly hosted 
in the inner root cortical cells forming highly branched hyphal structures, 
called arbuscules, where nutrients are exchanged in a cooperative 
manner (Gutjahr and Parniske, 2013). Chitin is also a key component of 
the cell wall of AM fungi and consistently, it has been reported that plant 
defence responses are induced in the early stage of AM symbiosis but 
these are quickly suppressed as the interaction progresses (Gianninazi-
Pearson et al., 1996; García-Garrido and Ocampo, 2002; Zamioudis and 
Pieterse, 2012). How AM fungi suppress chitin induced immune responses 
is not known. Here we study whether AM fungi use similar effectors as 
pathogenic fungi to suppress this response.

Genomic analyses have identified a LysM domain containing effector 
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were markedly induced. This induction was suppressed by 100 nM RiSLM, 
with 500 nM RiSLM showing an even stronger inhibitory effect, indicating 
that RiSLM suppresses CO8-induced defence gene expression in a dose-
dependent manner (Fig. 5a). 

As a second assay we measured the ability of RiSLM to inhibit CO8-induced 
reactive oxygen species (ROS) production using a chemiluminescence 
assay. In the absence of RiSLM, 1 µM CO8 induced a clear ROS burst 
in 0.5–1 cm Medicago root sections (Fig. 5b). However, the ROS burst 
was greatly reduced upon co-treatment with equimolar (1 µM) amounts 
of RiSLM, showing that RiSLM is able to suppress chitin-triggered ROS 
production (Fig. 5b). To rule out that RiSLM may have a general inhibitory 
effect on PAMP-triggered defence responses, we tested whether RiSLM 
would inhibit flg22-induced ROS production. No inhibition of a ROS burst 
induced by 100 nM flg22 was observed in Medicago roots when 4x excess 
RiSLM was used (Fig. S6). Taken together, these results indicate that 
RiSLM can suppress chitin-triggered immune responses. 

RiSLM does not significantly block symbiotic signalling

Besides chitin oligomers that trigger immune responses, AM fungi also 
produce chitin-derived lipo-chitooligosaccharides (Myc-LCOs) and short 
chain COs (CO4/5), collectively called Myc factors, that activate the 
common symbiotic signalling pathway to establish the symbiosis (Maillet 
et al., 2011; Genre et al., 2013). Our study already indicated that 
RiSLM can bind CO4 and CO5 in the micromolar range (Fig. 3), raising 
the question whether RiSLM might interfere with the signalling role of 
Myc factors. To investigate this we first additionally tested the affinity 
of RiSLM for Myc-LCOs. R. irregularis produces both sulphated and non-
sulphated tetrameric or pentameric LCOs with variable length/saturation 
of the fatty acyl chain (Maillet et al., 2011). Microscale thermophoresis 
analyses of RiSLM with either sulphated or non-sulphated tetrameric 
(C18:1) LCOs showed that RiSLM binds these Myc-LCOs. LCO-IV(C18:1, 
S) binding curve analysis revealed two binding events (inset Fig. 6a). 
The first one occurring at concentrations ranging from 0.1 to 100 nM 
while the other one was observed at higher LCO concentrations, with a 
much larger fluorescent signal amplitude but without reaching saturation. 
LCO-IV(C18:1) binding to RiSLM resulted in a single binding event 
exhibiting a feature similar to the first event of LCO-IV(C18:1, S) binding. 

109

4

A LysM effector facilitates AM symbiosis

Therefore, by referring to the same binding event, it can be deduced 
from the plots reported in Fig.6a (main panel) that LCO-IV(C18:1, S) 
exhibits a higher affinity (Kd ~15 nM) than LCO-IV(C18:1) (Kd ~240 nM). 
The second binding event observed for LCO-IV(C18:1, S) could be due 
to multimerization, and because it occurs at high concentrations it is 
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Figure 5. RiSLM suppresses CO8-triggered plant immunity. (a) RiSLM 
suppresses CO8-triggered defence marker gene induction in Medicago R108 roots 
treated with 100nM CO8 in combination with either 100nM or 500nM RiSLM for 1 
hour. Three defence marker genes EPI, PAL and THA were used to monitor defence 
responses by qPCR. Error bar represents standard error from three biological 
replicates. (b) RiSLM suppresses chitin-triggered ROS burst. Medicago truncatula 
A17 root pieces were treated with 1µM CO8 with or without equal molar amounts 
of RiSLM . Error bars represent standard error from 6 biological replicates. For 
both figures, different letters indicate significant difference (LSD p<0.05) between 
different treatments. 
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Abstract

Arbuscular mycorrhizal (AM) fungi greatly improve mineral uptake by 
host plants in nutrient-depleted soil and can intracellularly colonize root 
cortex cells in the vast majority of higher plants. However, AM fungi 
possess common fungal cell wall components such as chitin which can 
be recognized by plant chitin receptors to trigger immune responses, 
raising the question how AM fungi effectively evade chitin-triggered 
immune responses during symbiosis. In this study, we characterize a 
secreted LysM (Lysin motif) effector identified from the model AM fungal 
species Rhizophagus irregularis, called RiSLM. RiSLM is one of the highest 
expressed effector proteins in intraradical mycelium during the symbiosis. 
In vitro binding assays show that RiSLM binds chitin-oligosaccharides and 
can protect fungal cell walls from chitinases. Moreover, RiSLM efficiently 
interferes with chitin-triggered immune responses, such as defence gene 
induction and reactive oxygen species production in Medicago truncatula. 
Although RiSLM also binds to symbiotic (lipo)chito-oligosaccharides it 
does not interfere significantly with symbiotic signalling in Medicago. 
Host-induced gene silencing of RiSLM greatly reduces fungal colonization 
levels. Taken together, our results reveal a key role for AM fungal LysM 
effectors to subvert chitin-triggered immunity in symbiosis, pointing to a 
common role for LysM effectors in both symbiotic and pathogenic fungi.

Introduction

Plants interact with microbes that can range from pathogenic to 
mutualistic. Typically, plants sense the presence of such microbes by the 
perception of microbe-associated molecular patterns (MAMPs) that are 
recognized by plant pattern recognition receptors. A major MAMP is chitin, 
a homopolymer of unbranched β-1,4-linked N-acetylglucosamine which 
is a key component of fungal cell walls (Valet et al., 2014). Especially its 
breakdown products chitooligosaccharides (COs) are perceived by plant 
Lysin motif (LysM) plasma membrane receptors that trigger immune 
responses such as defence-gene induction, secretion of chitinases and 
generation of reactive oxygen species (Bozsoki et al., 2017; Miya et al., 
2007; Shimizu et al., 2010). Nevertheless biotrophic pathogenic fungi 
that colonize plants have evolved strategies to evade or down-regulate 
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probably not biologically relevant.  

Next we tested whether co-application of RiSLM can interfere with 
symbiotic marker gene induction by the different Myc factors. Therefore, 
we used the same experimental set-up as before for monitoring the 
defence gene induction by CO8 and roots were harvested 1 hour after 
Myc factor application. For Myc-LCO application, equal molar amounts 
of C16:0 and C18:1 sulphated LCO were mixed and used as Myc-sLCO 
(10 nM) preparation and the same was done for C16:0 and C18:1 non-
sulphated LCOs (Myc-nsLCO). For CO4 we used 100 nM, and in all cases 
RiSLM was applied in equimolar amounts as well as in a 5× excess. To 
quantify symbiotic responses, three marker genes (MtPUB1, MtTUBB1 
and MtVAPYRIN) were selected that have previously been shown to be 
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Figure 6. RiSLM does not block symbiotic responses. (a) Binding of RiSLM 
to LCO-IV(C18:1, S) and LCO-IV(C18:1) (black and blue circles respectively) as 
determined by microscale thermophoresis and corresponding to the same binding 
event. Inset shows the two binding events occurring at low (0.1 to 100 nM) and high 
concentrations (100 nM to 10 µM without reaching saturation) of LCO-IV(C18:1, 
S) (b) qPCR analysis of Medicago R108 roots treated with 10 nM non-sulphated 
myc-LCO’s (b) or sulphated myc-LCO’s (c) in combination with either 10nM or 
50nM RiSLM, Three symbiotic marker genes PUB1, TUBB1 or Vapyrin were used 
to monitor symbiotic responses induced by LCOs, using Medicago EF as reference 
gene. Error bar represent three biological replicates. (d) qPCR analysis of Medicago 
R108 roots treated with water (n=3) or 100 nM CO4 (n=3) in combination with 
either 100nM (n=4) or 500nM RiSLM (n=3), showing that RiSLM does not strongly 
suppress CO4-triggered symbiotic marker gene induction. Different letters indicate 
significant difference (LSD p<0.05) between different treatments.
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chitin triggered immune responses, especially by secreting specific 
effectors (Rovenich et al., 2016). 

One strategy relies on the secretion of effector proteins that interfere 
with chitin-triggered immunity (Sánchez-Vallet et al., 2015; Rovenich et 
al., 2016).  These include secreted proteins that consist of 1-3 LysM 
domains (Kombrink and Thomma, 2013). A key example is the LysM 
effector Ecp6 from Cladosporium fulvum, which is able to sequester fungal 
cell wall-derived chitooligosaccharides (COs) (de Jonge et al., 2010). 
LysM effectors have since been identified in several foliar pathogenic 
fungi including the wheat pathogen Zymoseptoria tritici (Mycosphaerella 
graminicola; Mg1LysM and Mg3LysM), the rice blast fungus Magnaporthe 
oryzae (Slp1), the Brassicaceae anthracnose fungus Colletotrichum 
higginsianum (ChELP1 and -2) and in the generalist vascular wilt fungal 
pathogen Verticillium dahliae (Marshall et al., 2011; Mentlak et al., 
2012; Lee et al., 2014; Takahara et al., 2016; Kombrink et al., 2017). 
Such LysM effectors can protect fungal hyphae against the activity of 
plant chitinases (Mg1LysM and Mg3LysM) or suppresses chitin-triggered 
defense responses by sequestering chitin fragments (Elp1, Ecp6) or have 
both activities (Mg3LysM) (Sánchez-Vallet et al., 2015; Rovenich et al., 
2016). The occurrence of LysM effectors in such a variety of pathogenic 
fungi suggests they may be a widespread strategy for fungi to subvert 
chitin-triggered immunity in a broad range of hosts.

Mutualistic arbuscular mycorrhizal (AM fungi) establish an intimate 
interaction with the vast majority (>80%) of all higher plants (Smith and 
Read, 2008). During this symbiosis, the fungi are intracellularly hosted 
in the inner root cortical cells forming highly branched hyphal structures, 
called arbuscules, where nutrients are exchanged in a cooperative 
manner (Gutjahr and Parniske, 2013). Chitin is also a key component of 
the cell wall of AM fungi and consistently, it has been reported that plant 
defence responses are induced in the early stage of AM symbiosis but 
these are quickly suppressed as the interaction progresses (Gianninazi-
Pearson et al., 1996; García-Garrido and Ocampo, 2002; Zamioudis and 
Pieterse, 2012). How AM fungi suppress chitin induced immune responses 
is not known. Here we study whether AM fungi use similar effectors as 
pathogenic fungi to suppress this response.

Genomic analyses have identified a LysM domain containing effector 
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probably not biologically relevant.  

Next we tested whether co-application of RiSLM can interfere with 
symbiotic marker gene induction by the different Myc factors. Therefore, 
we used the same experimental set-up as before for monitoring the 
defence gene induction by CO8 and roots were harvested 1 hour after 
Myc factor application. For Myc-LCO application, equal molar amounts 
of C16:0 and C18:1 sulphated LCO were mixed and used as Myc-sLCO 
(10 nM) preparation and the same was done for C16:0 and C18:1 non-
sulphated LCOs (Myc-nsLCO). For CO4 we used 100 nM, and in all cases 
RiSLM was applied in equimolar amounts as well as in a 5× excess. To 
quantify symbiotic responses, three marker genes (MtPUB1, MtTUBB1 
and MtVAPYRIN) were selected that have previously been shown to be 
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Figure 6. RiSLM does not block symbiotic responses. (a) Binding of RiSLM 
to LCO-IV(C18:1, S) and LCO-IV(C18:1) (black and blue circles respectively) as 
determined by microscale thermophoresis and corresponding to the same binding 
event. Inset shows the two binding events occurring at low (0.1 to 100 nM) and high 
concentrations (100 nM to 10 µM without reaching saturation) of LCO-IV(C18:1, 
S) (b) qPCR analysis of Medicago R108 roots treated with 10 nM non-sulphated 
myc-LCO’s (b) or sulphated myc-LCO’s (c) in combination with either 10nM or 
50nM RiSLM, Three symbiotic marker genes PUB1, TUBB1 or Vapyrin were used 
to monitor symbiotic responses induced by LCOs, using Medicago EF as reference 
gene. Error bar represent three biological replicates. (d) qPCR analysis of Medicago 
R108 roots treated with water (n=3) or 100 nM CO4 (n=3) in combination with 
either 100nM (n=4) or 500nM RiSLM (n=3), showing that RiSLM does not strongly 
suppress CO4-triggered symbiotic marker gene induction. Different letters indicate 
significant difference (LSD p<0.05) between different treatments.
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Abstract

Arbuscular mycorrhizal (AM) fungi greatly improve mineral uptake by 
host plants in nutrient-depleted soil and can intracellularly colonize root 
cortex cells in the vast majority of higher plants. However, AM fungi 
possess common fungal cell wall components such as chitin which can 
be recognized by plant chitin receptors to trigger immune responses, 
raising the question how AM fungi effectively evade chitin-triggered 
immune responses during symbiosis. In this study, we characterize a 
secreted LysM (Lysin motif) effector identified from the model AM fungal 
species Rhizophagus irregularis, called RiSLM. RiSLM is one of the highest 
expressed effector proteins in intraradical mycelium during the symbiosis. 
In vitro binding assays show that RiSLM binds chitin-oligosaccharides and 
can protect fungal cell walls from chitinases. Moreover, RiSLM efficiently 
interferes with chitin-triggered immune responses, such as defence gene 
induction and reactive oxygen species production in Medicago truncatula. 
Although RiSLM also binds to symbiotic (lipo)chito-oligosaccharides it 
does not interfere significantly with symbiotic signalling in Medicago. 
Host-induced gene silencing of RiSLM greatly reduces fungal colonization 
levels. Taken together, our results reveal a key role for AM fungal LysM 
effectors to subvert chitin-triggered immunity in symbiosis, pointing to a 
common role for LysM effectors in both symbiotic and pathogenic fungi.

Introduction

Plants interact with microbes that can range from pathogenic to 
mutualistic. Typically, plants sense the presence of such microbes by the 
perception of microbe-associated molecular patterns (MAMPs) that are 
recognized by plant pattern recognition receptors. A major MAMP is chitin, 
a homopolymer of unbranched β-1,4-linked N-acetylglucosamine which 
is a key component of fungal cell walls (Valet et al., 2014). Especially its 
breakdown products chitooligosaccharides (COs) are perceived by plant 
Lysin motif (LysM) plasma membrane receptors that trigger immune 
responses such as defence-gene induction, secretion of chitinases and 
generation of reactive oxygen species (Bozsoki et al., 2017; Miya et al., 
2007; Shimizu et al., 2010). Nevertheless biotrophic pathogenic fungi 
that colonize plants have evolved strategies to evade or down-regulate 
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induced by Myc-LCOs (Camps et al., 2015; Czaja et al., 2012). MtPUB1 
encodes a LCO-induced ubiquitin E3 ligase, which interacts with LYK3 
and DMI2 receptor kinases to limit rhizobial and AM fungal infection 
(Vernié et al., 2016). VAPYRIN is thought to be involved in the regulation 
of exocytosis required for colonization and widely used as a symbiotic 
marker (Murray et al., 2011; Pumplin et al., 2010). The Myc-LCOs induced 
MtTUBB1 encodes a putative β-tubulin (Camps et al., 2015; Czaja et al., 
2012). Our results indicated that RiSLM already strongly inhibited nsLCO-
triggered symbiotic gene induction when applied at equimolar amounts 
(Fig. 6b). However, RiSLM did not show any inhibition of sLCO- triggered 
symbiotic responses, even when applied at 5 times higher levels (Fig. 
6c). For CO4 we observed an ~50% reduced induction for MtPUB1 and 
MtVAPYRIN and ~30% reduced induction for MtTUBB1, when applied 
in excess (Fig. 6d). However, co-application of RiSLM with equimolar 
amounts of CO4 strikingly enhanced the expression of MtTUBB1 and 
MtVAPYRIN by a factor 2.5. 

Taken together, our data indicate that RiSLM can suppress and help evade 
chitin-triggered immune responses while still allowing sufficient symbiotic 
signalling to colonize the roots.

RiSLM plays a positive role in root colonization 

To determine whether RiSLM indeed has a positive role during root 
colonization, we attempted to overexpress RiSLM or to knock-down its 
expression via host induced gene silencing (HIGS). Although AM fungi 
currently cannot be stably transformed due to their coenocytic nature, 
HIGS has previously been successfully used to study the function of 
several fungal genes (Helber et al., 2011; Kikuchi et al., 2016; Tsuzuki 
et al., 2016). 

To determine whether overexpression of RiSLM could increase 
colonization, we overexpressed RiSLM in Medicago roots under control 
of the AtUBIQUITIN3 promoter. We noticed that expression of the full 
length predicted R. irregularis effectors containing their endogenous 
signal peptides in planta, typically leads to an accumulation in the ER 
(data not shown). Therefore, to efficiently direct the effector to the 
apoplast, we fused the mature RiSLM protein to the signal peptide of 
MtBCP1 (Ivanov and Harrison, 2014). We confirmed the overexpression 
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of RiSLM by real-time PCR (Fig. S7b). Three weeks after inoculation no 
significant differences in either fungal abundance or arbuscule abundance 
was observed compared to empty vector control roots (Fig. S7a, c). 
This likely suggests that the endogenous levels of RiSLM expression are 
sufficient to support successful infection, although we did not verify the 
overexpression at the protein level.

To trigger HIGS, we introduced a hairpin construct targeting RiSLM driven 
by the constitutive AtEF1alpha promoter (Auriac and Timmers, 2007) into 
Medicago roots via Agrobacterium rhizogenes-mediated transformation. 
An empty vector was used as control. Transgenic roots were selected 
based on the co-expression of a DsRED1 marker gene. Four weeks after 
inoculation with R. irregularis spores the level of AM colonization was 
scored (Trouvelot et al., 1986) in transgenic roots stained with WGA-
Alexa Fluor 488. This showed that roots carrying the silencing construct 
had significantly lower fungal colonization and arbuscule levels compared 
with empty vector control roots (Fig. 7a,c,d). This correlated with reduced 
expression of RiEF, a marker for total fungal abundance, and expression 
of the arbuscule-specific phosphate transporter MtPT4 used as marker for 
arbuscule abundance (Javot et al., 2007) (Fig. 7b). Consistently, RiSLM 
expression was also significantly reduced in the HIGS roots compared 
with empty vector control roots (Fig. 7b). This indicates that RiSLM plays 
a positive role in AM fungal root colonization.

Discussion

Here we show that the AM fungus Rhizophagus irregularis secretes 
the chitin-binding LysM effector RiSLM to facilitate efficient intraradical 
colonization. A secreted single LysM domain containing effector is 
present in a wide range of AM species, suggesting that the involvement 
of a LysM effector is a conserved feature in AM fungi. The variation in 
protein sequence of these LysM effectors in different isolates, suggests 
a potential diversifying selection which has also been reported for LysM 
effectors from pathogenic fungi (Marshall et al., 2011; Schmitz et al., 
2019). Purified RiSLM was able to protect fungal hyphae from hydrolysis 
by plant chitinases and to suppress chitin-triggered immune responses in 
Medicago roots. A combination of both activities has also been reported for 
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chitin triggered immune responses, especially by secreting specific 
effectors (Rovenich et al., 2016). 

One strategy relies on the secretion of effector proteins that interfere 
with chitin-triggered immunity (Sánchez-Vallet et al., 2015; Rovenich et 
al., 2016).  These include secreted proteins that consist of 1-3 LysM 
domains (Kombrink and Thomma, 2013). A key example is the LysM 
effector Ecp6 from Cladosporium fulvum, which is able to sequester fungal 
cell wall-derived chitooligosaccharides (COs) (de Jonge et al., 2010). 
LysM effectors have since been identified in several foliar pathogenic 
fungi including the wheat pathogen Zymoseptoria tritici (Mycosphaerella 
graminicola; Mg1LysM and Mg3LysM), the rice blast fungus Magnaporthe 
oryzae (Slp1), the Brassicaceae anthracnose fungus Colletotrichum 
higginsianum (ChELP1 and -2) and in the generalist vascular wilt fungal 
pathogen Verticillium dahliae (Marshall et al., 2011; Mentlak et al., 
2012; Lee et al., 2014; Takahara et al., 2016; Kombrink et al., 2017). 
Such LysM effectors can protect fungal hyphae against the activity of 
plant chitinases (Mg1LysM and Mg3LysM) or suppresses chitin-triggered 
defense responses by sequestering chitin fragments (Elp1, Ecp6) or have 
both activities (Mg3LysM) (Sánchez-Vallet et al., 2015; Rovenich et al., 
2016). The occurrence of LysM effectors in such a variety of pathogenic 
fungi suggests they may be a widespread strategy for fungi to subvert 
chitin-triggered immunity in a broad range of hosts.

Mutualistic arbuscular mycorrhizal (AM fungi) establish an intimate 
interaction with the vast majority (>80%) of all higher plants (Smith and 
Read, 2008). During this symbiosis, the fungi are intracellularly hosted 
in the inner root cortical cells forming highly branched hyphal structures, 
called arbuscules, where nutrients are exchanged in a cooperative 
manner (Gutjahr and Parniske, 2013). Chitin is also a key component of 
the cell wall of AM fungi and consistently, it has been reported that plant 
defence responses are induced in the early stage of AM symbiosis but 
these are quickly suppressed as the interaction progresses (Gianninazi-
Pearson et al., 1996; García-Garrido and Ocampo, 2002; Zamioudis and 
Pieterse, 2012). How AM fungi suppress chitin induced immune responses 
is not known. Here we study whether AM fungi use similar effectors as 
pathogenic fungi to suppress this response.

Genomic analyses have identified a LysM domain containing effector 
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induced by Myc-LCOs (Camps et al., 2015; Czaja et al., 2012). MtPUB1 
encodes a LCO-induced ubiquitin E3 ligase, which interacts with LYK3 
and DMI2 receptor kinases to limit rhizobial and AM fungal infection 
(Vernié et al., 2016). VAPYRIN is thought to be involved in the regulation 
of exocytosis required for colonization and widely used as a symbiotic 
marker (Murray et al., 2011; Pumplin et al., 2010). The Myc-LCOs induced 
MtTUBB1 encodes a putative β-tubulin (Camps et al., 2015; Czaja et al., 
2012). Our results indicated that RiSLM already strongly inhibited nsLCO-
triggered symbiotic gene induction when applied at equimolar amounts 
(Fig. 6b). However, RiSLM did not show any inhibition of sLCO- triggered 
symbiotic responses, even when applied at 5 times higher levels (Fig. 
6c). For CO4 we observed an ~50% reduced induction for MtPUB1 and 
MtVAPYRIN and ~30% reduced induction for MtTUBB1, when applied 
in excess (Fig. 6d). However, co-application of RiSLM with equimolar 
amounts of CO4 strikingly enhanced the expression of MtTUBB1 and 
MtVAPYRIN by a factor 2.5. 

Taken together, our data indicate that RiSLM can suppress and help evade 
chitin-triggered immune responses while still allowing sufficient symbiotic 
signalling to colonize the roots.

RiSLM plays a positive role in root colonization 

To determine whether RiSLM indeed has a positive role during root 
colonization, we attempted to overexpress RiSLM or to knock-down its 
expression via host induced gene silencing (HIGS). Although AM fungi 
currently cannot be stably transformed due to their coenocytic nature, 
HIGS has previously been successfully used to study the function of 
several fungal genes (Helber et al., 2011; Kikuchi et al., 2016; Tsuzuki 
et al., 2016). 

To determine whether overexpression of RiSLM could increase 
colonization, we overexpressed RiSLM in Medicago roots under control 
of the AtUBIQUITIN3 promoter. We noticed that expression of the full 
length predicted R. irregularis effectors containing their endogenous 
signal peptides in planta, typically leads to an accumulation in the ER 
(data not shown). Therefore, to efficiently direct the effector to the 
apoplast, we fused the mature RiSLM protein to the signal peptide of 
MtBCP1 (Ivanov and Harrison, 2014). We confirmed the overexpression 
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of RiSLM by real-time PCR (Fig. S7b). Three weeks after inoculation no 
significant differences in either fungal abundance or arbuscule abundance 
was observed compared to empty vector control roots (Fig. S7a, c). 
This likely suggests that the endogenous levels of RiSLM expression are 
sufficient to support successful infection, although we did not verify the 
overexpression at the protein level.

To trigger HIGS, we introduced a hairpin construct targeting RiSLM driven 
by the constitutive AtEF1alpha promoter (Auriac and Timmers, 2007) into 
Medicago roots via Agrobacterium rhizogenes-mediated transformation. 
An empty vector was used as control. Transgenic roots were selected 
based on the co-expression of a DsRED1 marker gene. Four weeks after 
inoculation with R. irregularis spores the level of AM colonization was 
scored (Trouvelot et al., 1986) in transgenic roots stained with WGA-
Alexa Fluor 488. This showed that roots carrying the silencing construct 
had significantly lower fungal colonization and arbuscule levels compared 
with empty vector control roots (Fig. 7a,c,d). This correlated with reduced 
expression of RiEF, a marker for total fungal abundance, and expression 
of the arbuscule-specific phosphate transporter MtPT4 used as marker for 
arbuscule abundance (Javot et al., 2007) (Fig. 7b). Consistently, RiSLM 
expression was also significantly reduced in the HIGS roots compared 
with empty vector control roots (Fig. 7b). This indicates that RiSLM plays 
a positive role in AM fungal root colonization.

Discussion

Here we show that the AM fungus Rhizophagus irregularis secretes 
the chitin-binding LysM effector RiSLM to facilitate efficient intraradical 
colonization. A secreted single LysM domain containing effector is 
present in a wide range of AM species, suggesting that the involvement 
of a LysM effector is a conserved feature in AM fungi. The variation in 
protein sequence of these LysM effectors in different isolates, suggests 
a potential diversifying selection which has also been reported for LysM 
effectors from pathogenic fungi (Marshall et al., 2011; Schmitz et al., 
2019). Purified RiSLM was able to protect fungal hyphae from hydrolysis 
by plant chitinases and to suppress chitin-triggered immune responses in 
Medicago roots. A combination of both activities has also been reported for 
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Abstract

Arbuscular mycorrhizal (AM) fungi greatly improve mineral uptake by 
host plants in nutrient-depleted soil and can intracellularly colonize root 
cortex cells in the vast majority of higher plants. However, AM fungi 
possess common fungal cell wall components such as chitin which can 
be recognized by plant chitin receptors to trigger immune responses, 
raising the question how AM fungi effectively evade chitin-triggered 
immune responses during symbiosis. In this study, we characterize a 
secreted LysM (Lysin motif) effector identified from the model AM fungal 
species Rhizophagus irregularis, called RiSLM. RiSLM is one of the highest 
expressed effector proteins in intraradical mycelium during the symbiosis. 
In vitro binding assays show that RiSLM binds chitin-oligosaccharides and 
can protect fungal cell walls from chitinases. Moreover, RiSLM efficiently 
interferes with chitin-triggered immune responses, such as defence gene 
induction and reactive oxygen species production in Medicago truncatula. 
Although RiSLM also binds to symbiotic (lipo)chito-oligosaccharides it 
does not interfere significantly with symbiotic signalling in Medicago. 
Host-induced gene silencing of RiSLM greatly reduces fungal colonization 
levels. Taken together, our results reveal a key role for AM fungal LysM 
effectors to subvert chitin-triggered immunity in symbiosis, pointing to a 
common role for LysM effectors in both symbiotic and pathogenic fungi.

Introduction

Plants interact with microbes that can range from pathogenic to 
mutualistic. Typically, plants sense the presence of such microbes by the 
perception of microbe-associated molecular patterns (MAMPs) that are 
recognized by plant pattern recognition receptors. A major MAMP is chitin, 
a homopolymer of unbranched β-1,4-linked N-acetylglucosamine which 
is a key component of fungal cell walls (Valet et al., 2014). Especially its 
breakdown products chitooligosaccharides (COs) are perceived by plant 
Lysin motif (LysM) plasma membrane receptors that trigger immune 
responses such as defence-gene induction, secretion of chitinases and 
generation of reactive oxygen species (Bozsoki et al., 2017; Miya et al., 
2007; Shimizu et al., 2010). Nevertheless biotrophic pathogenic fungi 
that colonize plants have evolved strategies to evade or down-regulate 
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the LysM effectors Mg3LysM from Z. tritici and Vd2LysM from V. dahliae, 
which contribute to the virulence of these pathogenic fungi (Marshall et 
al., 2011; Kombrink et al., 2017). This indicates that LysM effectors are 
used by both symbiotic and pathogenic fungi to colonize plants (Kombrink 
and Thomma, 2013). 

RiSLM was able to bind both chitin and chitooligosaccharidesas well as 
to polymeric chitosan, a deacetylated form of chitin, in agreement with 
Schmitz et al. (2018). Chitin is generally considered to be a more potent 
trigger of immune responses compared to chitosan in many plants, and 
several pathogenic fungi deacetylate their chitin as a strategy to evade 
the immune system  (El Gueddari et al., 2002; Rovenich et al., 2016). 
However chitosan has also been reported to be a strong inducer of immunity 
in some plants (Sánchez-Vallet et al., 2015). We noticed previously that 
many chitin deacetylases that are expressed in extraradical mycelium are 
down-regulated when the fungus grows intraradically in Medicago (Zeng 
et al., 2018). Therefore, acetylated chitin is likely the most dominant 
form when R. irregularis grows inside the root and where RiSLM is most 
strongly expressed. RiSLM did not bind deactylated CO4 and CO5 in 
microscale thermophoresis, suggesting that RiSLM may only bind to long-
chain chitosan but not to short-chain deactylated chitooligosaccharides. 
Several chitinases and chitosanases have been shown to be induced in 
roots during AM symbiosis (Pozo et al., 1998). Therefore, the protective 
role of RiSLM to counteract the activity of chitinases may be important to 
support hyphal growth inside the root. Whether RiSLM forms a protective 
layer around the fungal cell wall or directly impairs the activity of plant 
chitinases remains to be demonstrated. This is currently hampered by 

Figure 7. Host-induced gene silencing of RiSLM reduces mycorrhization. (a) 
Frequency (F%) remains the same while mycorrhization intensity in the root (M%), 
or arbuscule abundance in the root (A%) are reduced in RiSLM silenced roots. For 
the empty vector control (EV), 12 biological replicates were used. For RiSLM RNAi, 
10 biological replicates were used. (b) qPCR analysis of control and RNAi roots 
showing, RiSLM expression level relative to Rhizophagus EF, RiEF and MtPT4 
expression levels relative to Medicago EF (MtEF). Successful silencing of RiSLM 
(relative to RiEF)reduces RiEF and MtPT4 expression (relative to MtEF), indicating 
reduced mycorrhization and arbuscule abundance. 12 replicates (individual 
transgenic roots) were used for EV. 11 replicates were used for RNAi. t-test p-values 
are indicated for a and b. (c, d) WGA-alexa488 staining of mycorrhization in RiSLM 
silenced roots (d) or control roots (c). Scale bar = 200µm.

continued



95

4

A LysM effector facilitates AM symbiosis

chitin triggered immune responses, especially by secreting specific 
effectors (Rovenich et al., 2016). 

One strategy relies on the secretion of effector proteins that interfere 
with chitin-triggered immunity (Sánchez-Vallet et al., 2015; Rovenich et 
al., 2016).  These include secreted proteins that consist of 1-3 LysM 
domains (Kombrink and Thomma, 2013). A key example is the LysM 
effector Ecp6 from Cladosporium fulvum, which is able to sequester fungal 
cell wall-derived chitooligosaccharides (COs) (de Jonge et al., 2010). 
LysM effectors have since been identified in several foliar pathogenic 
fungi including the wheat pathogen Zymoseptoria tritici (Mycosphaerella 
graminicola; Mg1LysM and Mg3LysM), the rice blast fungus Magnaporthe 
oryzae (Slp1), the Brassicaceae anthracnose fungus Colletotrichum 
higginsianum (ChELP1 and -2) and in the generalist vascular wilt fungal 
pathogen Verticillium dahliae (Marshall et al., 2011; Mentlak et al., 
2012; Lee et al., 2014; Takahara et al., 2016; Kombrink et al., 2017). 
Such LysM effectors can protect fungal hyphae against the activity of 
plant chitinases (Mg1LysM and Mg3LysM) or suppresses chitin-triggered 
defense responses by sequestering chitin fragments (Elp1, Ecp6) or have 
both activities (Mg3LysM) (Sánchez-Vallet et al., 2015; Rovenich et al., 
2016). The occurrence of LysM effectors in such a variety of pathogenic 
fungi suggests they may be a widespread strategy for fungi to subvert 
chitin-triggered immunity in a broad range of hosts.

Mutualistic arbuscular mycorrhizal (AM fungi) establish an intimate 
interaction with the vast majority (>80%) of all higher plants (Smith and 
Read, 2008). During this symbiosis, the fungi are intracellularly hosted 
in the inner root cortical cells forming highly branched hyphal structures, 
called arbuscules, where nutrients are exchanged in a cooperative 
manner (Gutjahr and Parniske, 2013). Chitin is also a key component of 
the cell wall of AM fungi and consistently, it has been reported that plant 
defence responses are induced in the early stage of AM symbiosis but 
these are quickly suppressed as the interaction progresses (Gianninazi-
Pearson et al., 1996; García-Garrido and Ocampo, 2002; Zamioudis and 
Pieterse, 2012). How AM fungi suppress chitin induced immune responses 
is not known. Here we study whether AM fungi use similar effectors as 
pathogenic fungi to suppress this response.

Genomic analyses have identified a LysM domain containing effector 
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the LysM effectors Mg3LysM from Z. tritici and Vd2LysM from V. dahliae, 
which contribute to the virulence of these pathogenic fungi (Marshall et 
al., 2011; Kombrink et al., 2017). This indicates that LysM effectors are 
used by both symbiotic and pathogenic fungi to colonize plants (Kombrink 
and Thomma, 2013). 

RiSLM was able to bind both chitin and chitooligosaccharidesas well as 
to polymeric chitosan, a deacetylated form of chitin, in agreement with 
Schmitz et al. (2018). Chitin is generally considered to be a more potent 
trigger of immune responses compared to chitosan in many plants, and 
several pathogenic fungi deacetylate their chitin as a strategy to evade 
the immune system  (El Gueddari et al., 2002; Rovenich et al., 2016). 
However chitosan has also been reported to be a strong inducer of immunity 
in some plants (Sánchez-Vallet et al., 2015). We noticed previously that 
many chitin deacetylases that are expressed in extraradical mycelium are 
down-regulated when the fungus grows intraradically in Medicago (Zeng 
et al., 2018). Therefore, acetylated chitin is likely the most dominant 
form when R. irregularis grows inside the root and where RiSLM is most 
strongly expressed. RiSLM did not bind deactylated CO4 and CO5 in 
microscale thermophoresis, suggesting that RiSLM may only bind to long-
chain chitosan but not to short-chain deactylated chitooligosaccharides. 
Several chitinases and chitosanases have been shown to be induced in 
roots during AM symbiosis (Pozo et al., 1998). Therefore, the protective 
role of RiSLM to counteract the activity of chitinases may be important to 
support hyphal growth inside the root. Whether RiSLM forms a protective 
layer around the fungal cell wall or directly impairs the activity of plant 
chitinases remains to be demonstrated. This is currently hampered by 

Figure 7. Host-induced gene silencing of RiSLM reduces mycorrhization. (a) 
Frequency (F%) remains the same while mycorrhization intensity in the root (M%), 
or arbuscule abundance in the root (A%) are reduced in RiSLM silenced roots. For 
the empty vector control (EV), 12 biological replicates were used. For RiSLM RNAi, 
10 biological replicates were used. (b) qPCR analysis of control and RNAi roots 
showing, RiSLM expression level relative to Rhizophagus EF, RiEF and MtPT4 
expression levels relative to Medicago EF (MtEF). Successful silencing of RiSLM 
(relative to RiEF)reduces RiEF and MtPT4 expression (relative to MtEF), indicating 
reduced mycorrhization and arbuscule abundance. 12 replicates (individual 
transgenic roots) were used for EV. 11 replicates were used for RNAi. t-test p-values 
are indicated for a and b. (c, d) WGA-alexa488 staining of mycorrhization in RiSLM 
silenced roots (d) or control roots (c). Scale bar = 200µm.
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Abstract

Arbuscular mycorrhizal (AM) fungi greatly improve mineral uptake by 
host plants in nutrient-depleted soil and can intracellularly colonize root 
cortex cells in the vast majority of higher plants. However, AM fungi 
possess common fungal cell wall components such as chitin which can 
be recognized by plant chitin receptors to trigger immune responses, 
raising the question how AM fungi effectively evade chitin-triggered 
immune responses during symbiosis. In this study, we characterize a 
secreted LysM (Lysin motif) effector identified from the model AM fungal 
species Rhizophagus irregularis, called RiSLM. RiSLM is one of the highest 
expressed effector proteins in intraradical mycelium during the symbiosis. 
In vitro binding assays show that RiSLM binds chitin-oligosaccharides and 
can protect fungal cell walls from chitinases. Moreover, RiSLM efficiently 
interferes with chitin-triggered immune responses, such as defence gene 
induction and reactive oxygen species production in Medicago truncatula. 
Although RiSLM also binds to symbiotic (lipo)chito-oligosaccharides it 
does not interfere significantly with symbiotic signalling in Medicago. 
Host-induced gene silencing of RiSLM greatly reduces fungal colonization 
levels. Taken together, our results reveal a key role for AM fungal LysM 
effectors to subvert chitin-triggered immunity in symbiosis, pointing to a 
common role for LysM effectors in both symbiotic and pathogenic fungi.

Introduction

Plants interact with microbes that can range from pathogenic to 
mutualistic. Typically, plants sense the presence of such microbes by the 
perception of microbe-associated molecular patterns (MAMPs) that are 
recognized by plant pattern recognition receptors. A major MAMP is chitin, 
a homopolymer of unbranched β-1,4-linked N-acetylglucosamine which 
is a key component of fungal cell walls (Valet et al., 2014). Especially its 
breakdown products chitooligosaccharides (COs) are perceived by plant 
Lysin motif (LysM) plasma membrane receptors that trigger immune 
responses such as defence-gene induction, secretion of chitinases and 
generation of reactive oxygen species (Bozsoki et al., 2017; Miya et al., 
2007; Shimizu et al., 2010). Nevertheless biotrophic pathogenic fungi 
that colonize plants have evolved strategies to evade or down-regulate 
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the fact that biological relevant concentrations of chitinases and their 
composition in Medicago roots during symbiosis are unknown.

In Medicago chitin-triggered immune responses require perception by 
the LysM receptor kinases MtLYK9 and MtLYR4, which are thought to form 
a receptor complex in analogy to the AtCERK1-AtLYK5/4 chitin receptor 
complex in Arabidopsis (Cao et al., 2014; Bozsoki et al., 2017). The 
ortholog of MtLYK9 in Lotus japonicus is LjLYS6. Affinity studies showed 
that the LjLYS6 ectodomain binds CO6-8, with a Kd of 26 µM for CO7 
(Bozsoki et al., 2017). This is only slightly lower than the affinity of RiSLM 
for CO7, which showed a Kd around 9 µM. This affinity is significantly lower 
than the picomolar affinity of the C. fulvum LysM effector Ecp6, purified 
from Pichia pastoris, which contains three LysM domains (de Jonge et al., 
2010). Ecp6 was shown to outcompete chitin binding to host receptors in 
tomato (Sánchez-Vallet et al., 2013). The relatively low affinity of RiSLM 
for COs raises the question how RiSLM can efficiently interfere with chitin-
triggered immune responses. Depending on the relative concentration of 
the effector and receptors it may either sequester COs or, possibly, RiSLM 
interferes with chitin-induced receptor dimerization/complex formation. 
However, it should be noted that the in vitro affinity of LysM proteins 
purified from various heterologous systems can be tricky to compare 
and may also differ from affinity estimated from biological responses 
to different ligands. Additional modifications (such as glycosylation) and 
complex formation with co-receptors may also increase the in planta 
affinity of the receptors (Chen et al., 2014). 

RiSLM was further able to bind a sulphated Myc-LCO as well as CO4, 
however induction of symbiotic gene expression was not strongly 
inhibited by the co-application of RiSLM. This is likely due to the higher 
affinity of the plant receptors for these molecules, although the identity 
of the receptors in relation to mycorrhization is still elusive. Sulphated 
Myc-LCOs are structurally very similar to the Nod factors produced by 
Sinorhizobium meliloti, the rhizobial symbiont of Medicago. S. meliloti 
Nod factors contain a sulphate group at the terminal reducing  sugar 
are biologically active at picomolar concentrations and are perceived 
by the LysM receptors MtNFP and MtLYK3 (Dénarié et al., 1996; Arrighi 
et al., 2006). A S. meliloti nodH mutant, which makes non-sulphated 
Nod factors, is unable to establish a symbiotic interaction indicating that 
Medicago has a very high affinity perception system for sulphated LCOs 
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(Philippe Roche et al., 1991). This high affinity for sulphated LCO likely 
explains why RiSLM, despite a higher affinity for sulphated LCO-IV(C18:1, 
S) (Kd ~15 nM) than for LCO-IV(C18:1) (Kd ~240 nM), did not interfere 
with Myc-sLCOs induced gene expression. Surprisingly, adding equimolar 
amounts of RiSLM to CO4 appeared to enhance symbiotic signalling (Fig. 
5c), suggesting that RiSLM may have an additional role in symbiotic 
signalling (e.g. interact with Myc factor receptors). However, we cannot 
fully rule out the possibility that RiSLM enhances symbiotic signalling by 
binding long chain CO impurities in the CO4 preparate.

In conclusion, we revealed an important role for the secreted LysM effector 
of R. irregularis to suppress or evade chitin based immune responses 
to allow successful colonization of plant roots. RiSLM binding to chitin-
like molecules appears to compete with plant LysM receptors for these 
molecules to favour more symbiotic responses.  Intriguingly, we found 
that also Medicago strongly induces the expression of three secreted 
single LysM domain proteins (Medtr4g091000, Medtr4g091010 and 
Medtr4g091020) especially in arbuscule-containing cells, which seem to 
be conserved in other AM hosts (Gaude, Bortfeld, et al., 2012; Hogekamp 
and Küster, 2013; Zeng et al., 2018). It will therefore be interesting to 
investigate whether these putative plant LysM effectors play similar or 
divergent roles in the intracellular colonization of root inner cortex cells 
by AM fungi. 

Accession numbers

Genomic or coding sequences of AM secreted LysM proteins (SLMs) 
mentioned in this research can be retrieved in Genbank under 
the following accession numbers: RiSLM, XM_025315479; RcSLM, 
KU305772; RiSLM_A1, MN520639; RiSLM-1_A4, MN520643; RiSLM-2_
A4, MN520642; RiSLM-3_A4, MN520641; RiSLM-4_A4, MN520640; 
RiSLM_C2, MN520636; RiSLM_B3, MN520637; GmSLM, MN520644; 
GrSLM, MN520645.
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chitin triggered immune responses, especially by secreting specific 
effectors (Rovenich et al., 2016). 

One strategy relies on the secretion of effector proteins that interfere 
with chitin-triggered immunity (Sánchez-Vallet et al., 2015; Rovenich et 
al., 2016).  These include secreted proteins that consist of 1-3 LysM 
domains (Kombrink and Thomma, 2013). A key example is the LysM 
effector Ecp6 from Cladosporium fulvum, which is able to sequester fungal 
cell wall-derived chitooligosaccharides (COs) (de Jonge et al., 2010). 
LysM effectors have since been identified in several foliar pathogenic 
fungi including the wheat pathogen Zymoseptoria tritici (Mycosphaerella 
graminicola; Mg1LysM and Mg3LysM), the rice blast fungus Magnaporthe 
oryzae (Slp1), the Brassicaceae anthracnose fungus Colletotrichum 
higginsianum (ChELP1 and -2) and in the generalist vascular wilt fungal 
pathogen Verticillium dahliae (Marshall et al., 2011; Mentlak et al., 
2012; Lee et al., 2014; Takahara et al., 2016; Kombrink et al., 2017). 
Such LysM effectors can protect fungal hyphae against the activity of 
plant chitinases (Mg1LysM and Mg3LysM) or suppresses chitin-triggered 
defense responses by sequestering chitin fragments (Elp1, Ecp6) or have 
both activities (Mg3LysM) (Sánchez-Vallet et al., 2015; Rovenich et al., 
2016). The occurrence of LysM effectors in such a variety of pathogenic 
fungi suggests they may be a widespread strategy for fungi to subvert 
chitin-triggered immunity in a broad range of hosts.

Mutualistic arbuscular mycorrhizal (AM fungi) establish an intimate 
interaction with the vast majority (>80%) of all higher plants (Smith and 
Read, 2008). During this symbiosis, the fungi are intracellularly hosted 
in the inner root cortical cells forming highly branched hyphal structures, 
called arbuscules, where nutrients are exchanged in a cooperative 
manner (Gutjahr and Parniske, 2013). Chitin is also a key component of 
the cell wall of AM fungi and consistently, it has been reported that plant 
defence responses are induced in the early stage of AM symbiosis but 
these are quickly suppressed as the interaction progresses (Gianninazi-
Pearson et al., 1996; García-Garrido and Ocampo, 2002; Zamioudis and 
Pieterse, 2012). How AM fungi suppress chitin induced immune responses 
is not known. Here we study whether AM fungi use similar effectors as 
pathogenic fungi to suppress this response.

Genomic analyses have identified a LysM domain containing effector 
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the fact that biological relevant concentrations of chitinases and their 
composition in Medicago roots during symbiosis are unknown.

In Medicago chitin-triggered immune responses require perception by 
the LysM receptor kinases MtLYK9 and MtLYR4, which are thought to form 
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(Philippe Roche et al., 1991). This high affinity for sulphated LCO likely 
explains why RiSLM, despite a higher affinity for sulphated LCO-IV(C18:1, 
S) (Kd ~15 nM) than for LCO-IV(C18:1) (Kd ~240 nM), did not interfere 
with Myc-sLCOs induced gene expression. Surprisingly, adding equimolar 
amounts of RiSLM to CO4 appeared to enhance symbiotic signalling (Fig. 
5c), suggesting that RiSLM may have an additional role in symbiotic 
signalling (e.g. interact with Myc factor receptors). However, we cannot 
fully rule out the possibility that RiSLM enhances symbiotic signalling by 
binding long chain CO impurities in the CO4 preparate.

In conclusion, we revealed an important role for the secreted LysM effector 
of R. irregularis to suppress or evade chitin based immune responses 
to allow successful colonization of plant roots. RiSLM binding to chitin-
like molecules appears to compete with plant LysM receptors for these 
molecules to favour more symbiotic responses.  Intriguingly, we found 
that also Medicago strongly induces the expression of three secreted 
single LysM domain proteins (Medtr4g091000, Medtr4g091010 and 
Medtr4g091020) especially in arbuscule-containing cells, which seem to 
be conserved in other AM hosts (Gaude, Bortfeld, et al., 2012; Hogekamp 
and Küster, 2013; Zeng et al., 2018). It will therefore be interesting to 
investigate whether these putative plant LysM effectors play similar or 
divergent roles in the intracellular colonization of root inner cortex cells 
by AM fungi. 
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Abstract

Arbuscular mycorrhizal (AM) fungi greatly improve mineral uptake by 
host plants in nutrient-depleted soil and can intracellularly colonize root 
cortex cells in the vast majority of higher plants. However, AM fungi 
possess common fungal cell wall components such as chitin which can 
be recognized by plant chitin receptors to trigger immune responses, 
raising the question how AM fungi effectively evade chitin-triggered 
immune responses during symbiosis. In this study, we characterize a 
secreted LysM (Lysin motif) effector identified from the model AM fungal 
species Rhizophagus irregularis, called RiSLM. RiSLM is one of the highest 
expressed effector proteins in intraradical mycelium during the symbiosis. 
In vitro binding assays show that RiSLM binds chitin-oligosaccharides and 
can protect fungal cell walls from chitinases. Moreover, RiSLM efficiently 
interferes with chitin-triggered immune responses, such as defence gene 
induction and reactive oxygen species production in Medicago truncatula. 
Although RiSLM also binds to symbiotic (lipo)chito-oligosaccharides it 
does not interfere significantly with symbiotic signalling in Medicago. 
Host-induced gene silencing of RiSLM greatly reduces fungal colonization 
levels. Taken together, our results reveal a key role for AM fungal LysM 
effectors to subvert chitin-triggered immunity in symbiosis, pointing to a 
common role for LysM effectors in both symbiotic and pathogenic fungi.

Introduction

Plants interact with microbes that can range from pathogenic to 
mutualistic. Typically, plants sense the presence of such microbes by the 
perception of microbe-associated molecular patterns (MAMPs) that are 
recognized by plant pattern recognition receptors. A major MAMP is chitin, 
a homopolymer of unbranched β-1,4-linked N-acetylglucosamine which 
is a key component of fungal cell walls (Valet et al., 2014). Especially its 
breakdown products chitooligosaccharides (COs) are perceived by plant 
Lysin motif (LysM) plasma membrane receptors that trigger immune 
responses such as defence-gene induction, secretion of chitinases and 
generation of reactive oxygen species (Bozsoki et al., 2017; Miya et al., 
2007; Shimizu et al., 2010). Nevertheless biotrophic pathogenic fungi 
that colonize plants have evolved strategies to evade or down-regulate 
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Figure S1. Yeast signal sequence trap. pYST-02-RiSLM, representing a fusion of 
full length RiSLM (including its endogenous signal sequence) with an invertase, and 
the empty pYST-02 vector (EV) were transformed into Saccharomyces cerevisiae 
Y02321, and grown on SD/-Leu (containing glucose) and sucrose selection medium 
at different dilutions for 3 days at 30℃. 
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Figure S2. Comparison of LysM domains from AM fungal or pathogenic LysM 
effectors. MAFFT was used to align all amino acid sequences. Neighbour-joining 
Tree was built using Geneious tree builder. 
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chitin triggered immune responses, especially by secreting specific 
effectors (Rovenich et al., 2016). 

One strategy relies on the secretion of effector proteins that interfere 
with chitin-triggered immunity (Sánchez-Vallet et al., 2015; Rovenich et 
al., 2016).  These include secreted proteins that consist of 1-3 LysM 
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manner (Gutjahr and Parniske, 2013). Chitin is also a key component of 
the cell wall of AM fungi and consistently, it has been reported that plant 
defence responses are induced in the early stage of AM symbiosis but 
these are quickly suppressed as the interaction progresses (Gianninazi-
Pearson et al., 1996; García-Garrido and Ocampo, 2002; Zamioudis and 
Pieterse, 2012). How AM fungi suppress chitin induced immune responses 
is not known. Here we study whether AM fungi use similar effectors as 
pathogenic fungi to suppress this response.

Genomic analyses have identified a LysM domain containing effector 

118

CHAPTER 4

4

and NMR facilities of ICMG (FR2607). JJ.B. acknowledge the Fédération 
de Recherche Agrobiosciences, Interactions et Biodiversité (FR 3450), 
CNRS, Université de Toulouse, UPS, Castanet-Tolosan, France, INRA SPE 
Department and the IDEX “UNITI” Université de Toulouse (GO-AHEAD 
project) for their contribution to the fundings of the Nanotemper Monolith 
NT.115.

Supplementary files listed below can be downloaded from the New 
Phytologist website: https://doi.org/10.1111/nph.16245

Table S1. Primers used in this research.

Table S2. Coding sequences of LysM effectors from different AM fungal 
species or isolates.

119

4

A LysM effector facilitates AM symbiosis

Supplementary figures

SD/-LEU

EV

RiSLM

1             10-1 100-1

Sucrose selection medium

1           10-1 100-1

Figure S1. Yeast signal sequence trap. pYST-02-RiSLM, representing a fusion of 
full length RiSLM (including its endogenous signal sequence) with an invertase, and 
the empty pYST-02 vector (EV) were transformed into Saccharomyces cerevisiae 
Y02321, and grown on SD/-Leu (containing glucose) and sucrose selection medium 
at different dilutions for 3 days at 30℃. 

Consensus 

Sequence Logo 

Identity 
1. LysM_R.irregularis_A4-2 LysM
2. LysM_R.irregularis_C2 LysM 
3. LysM_R.irregularis_B3 LysM
4. LysM_R.irregularis_A4-1 LysM
5. LysM_R.irregularis_A5 LysM
6. LysM_G.rosea LysM
7. LysM_R.irregularis_DAOM197198 LysM
8. LysM_R.irregularis_A1 LysM
9. LysM_R.clarus LysM
10. LysM_G.margarita LysM
11. LysM_R.irregularis_A4-3 LysM 
12. LysM_R.irregularis_A4-4 LysM 
13. LysM_M.graminicola_Mg1 LysM
14. LysM-1_M.graminicola_Mg3LysM
15. LysM-1_C.fulvum_Ecp6
16. LysM-1_C.higginsianum_ChELP2
17. LysM-1_M.oryzae_Slp1
18. LysM-1_C.higginsianum_ChELP1
19. LysM-2_M.graminicola_Mg3LysM
20. LysM-2_C.fulvum_Ecp6
21. LysM-3_M.graminicola_Mg3LysM
22. LysM-3_C.fulvum_Ecp6
23. LysM-2_C.higginsianum_ChELP2
24. LysM-2_M.oryzae_Slp1
25. LysM-2_C.higginsianum_ChELP1

4 

�2 Ill 

0 

* *

Figure S2. Comparison of LysM domains from AM fungal or pathogenic LysM 
effectors. MAFFT was used to align all amino acid sequences. Neighbour-joining 
Tree was built using Geneious tree builder. 
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Abstract

Arbuscular mycorrhizal (AM) fungi greatly improve mineral uptake by 
host plants in nutrient-depleted soil and can intracellularly colonize root 
cortex cells in the vast majority of higher plants. However, AM fungi 
possess common fungal cell wall components such as chitin which can 
be recognized by plant chitin receptors to trigger immune responses, 
raising the question how AM fungi effectively evade chitin-triggered 
immune responses during symbiosis. In this study, we characterize a 
secreted LysM (Lysin motif) effector identified from the model AM fungal 
species Rhizophagus irregularis, called RiSLM. RiSLM is one of the highest 
expressed effector proteins in intraradical mycelium during the symbiosis. 
In vitro binding assays show that RiSLM binds chitin-oligosaccharides and 
can protect fungal cell walls from chitinases. Moreover, RiSLM efficiently 
interferes with chitin-triggered immune responses, such as defence gene 
induction and reactive oxygen species production in Medicago truncatula. 
Although RiSLM also binds to symbiotic (lipo)chito-oligosaccharides it 
does not interfere significantly with symbiotic signalling in Medicago. 
Host-induced gene silencing of RiSLM greatly reduces fungal colonization 
levels. Taken together, our results reveal a key role for AM fungal LysM 
effectors to subvert chitin-triggered immunity in symbiosis, pointing to a 
common role for LysM effectors in both symbiotic and pathogenic fungi.

Introduction

Plants interact with microbes that can range from pathogenic to 
mutualistic. Typically, plants sense the presence of such microbes by the 
perception of microbe-associated molecular patterns (MAMPs) that are 
recognized by plant pattern recognition receptors. A major MAMP is chitin, 
a homopolymer of unbranched β-1,4-linked N-acetylglucosamine which 
is a key component of fungal cell walls (Valet et al., 2014). Especially its 
breakdown products chitooligosaccharides (COs) are perceived by plant 
Lysin motif (LysM) plasma membrane receptors that trigger immune 
responses such as defence-gene induction, secretion of chitinases and 
generation of reactive oxygen species (Bozsoki et al., 2017; Miya et al., 
2007; Shimizu et al., 2010). Nevertheless biotrophic pathogenic fungi 
that colonize plants have evolved strategies to evade or down-regulate 
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Figure S3.  Purified RiSLM protein binds chitin and chitosan. (a) Coomassie 
stained protein gel of RiSLM (size ~7kDa) purified from Escherichia coli ORIGAMI. 
(b) Coomassie stained protein gel of affinity precipitation assays showing that 
RiSLM binds to insoluble chitin and chitosan but not xylan and cellulose. For the 
latter two polymers the vast majority of the protein is retained in the supernatant.

Figure S4.  RiSLM does not bind deactylated chitotetraose (CO4) and 
chitopentaose (CO5) as revealed by microscale thermophoresis. Binding 
experiments using microscale thermophoresis do not show any interaction with 
RiSLM in the range of concentrations tested (up to 1 mM). Error bars represent 
standard deviation from two independent measurements using two batches of 
independently purified proteins. 
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Figure S5. RiSLM protects hyphae from the pathogenic fungus Fusarium 
oxysporum f.sp lycopersici against plant chitinases. Germinated hyphae are 
treated with 50 µM AVR4, 50 µM RiSLM or 100 µM RiSLM and incubated at room 
temperature for 2 hours, and subsequently treated with a tomato chitinase preparation 
or water for 4 hours.  Water or buffer used for size-exclusion chromatography (SEC) 
were used as negative controls. The Avr4 effector from Cladosporium fulvum was 
used as positive control. 
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chitin triggered immune responses, especially by secreting specific 
effectors (Rovenich et al., 2016). 

One strategy relies on the secretion of effector proteins that interfere 
with chitin-triggered immunity (Sánchez-Vallet et al., 2015; Rovenich et 
al., 2016).  These include secreted proteins that consist of 1-3 LysM 
domains (Kombrink and Thomma, 2013). A key example is the LysM 
effector Ecp6 from Cladosporium fulvum, which is able to sequester fungal 
cell wall-derived chitooligosaccharides (COs) (de Jonge et al., 2010). 
LysM effectors have since been identified in several foliar pathogenic 
fungi including the wheat pathogen Zymoseptoria tritici (Mycosphaerella 
graminicola; Mg1LysM and Mg3LysM), the rice blast fungus Magnaporthe 
oryzae (Slp1), the Brassicaceae anthracnose fungus Colletotrichum 
higginsianum (ChELP1 and -2) and in the generalist vascular wilt fungal 
pathogen Verticillium dahliae (Marshall et al., 2011; Mentlak et al., 
2012; Lee et al., 2014; Takahara et al., 2016; Kombrink et al., 2017). 
Such LysM effectors can protect fungal hyphae against the activity of 
plant chitinases (Mg1LysM and Mg3LysM) or suppresses chitin-triggered 
defense responses by sequestering chitin fragments (Elp1, Ecp6) or have 
both activities (Mg3LysM) (Sánchez-Vallet et al., 2015; Rovenich et al., 
2016). The occurrence of LysM effectors in such a variety of pathogenic 
fungi suggests they may be a widespread strategy for fungi to subvert 
chitin-triggered immunity in a broad range of hosts.

Mutualistic arbuscular mycorrhizal (AM fungi) establish an intimate 
interaction with the vast majority (>80%) of all higher plants (Smith and 
Read, 2008). During this symbiosis, the fungi are intracellularly hosted 
in the inner root cortical cells forming highly branched hyphal structures, 
called arbuscules, where nutrients are exchanged in a cooperative 
manner (Gutjahr and Parniske, 2013). Chitin is also a key component of 
the cell wall of AM fungi and consistently, it has been reported that plant 
defence responses are induced in the early stage of AM symbiosis but 
these are quickly suppressed as the interaction progresses (Gianninazi-
Pearson et al., 1996; García-Garrido and Ocampo, 2002; Zamioudis and 
Pieterse, 2012). How AM fungi suppress chitin induced immune responses 
is not known. Here we study whether AM fungi use similar effectors as 
pathogenic fungi to suppress this response.

Genomic analyses have identified a LysM domain containing effector 
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Abstract

Arbuscular mycorrhizal (AM) fungi greatly improve mineral uptake by 
host plants in nutrient-depleted soil and can intracellularly colonize root 
cortex cells in the vast majority of higher plants. However, AM fungi 
possess common fungal cell wall components such as chitin which can 
be recognized by plant chitin receptors to trigger immune responses, 
raising the question how AM fungi effectively evade chitin-triggered 
immune responses during symbiosis. In this study, we characterize a 
secreted LysM (Lysin motif) effector identified from the model AM fungal 
species Rhizophagus irregularis, called RiSLM. RiSLM is one of the highest 
expressed effector proteins in intraradical mycelium during the symbiosis. 
In vitro binding assays show that RiSLM binds chitin-oligosaccharides and 
can protect fungal cell walls from chitinases. Moreover, RiSLM efficiently 
interferes with chitin-triggered immune responses, such as defence gene 
induction and reactive oxygen species production in Medicago truncatula. 
Although RiSLM also binds to symbiotic (lipo)chito-oligosaccharides it 
does not interfere significantly with symbiotic signalling in Medicago. 
Host-induced gene silencing of RiSLM greatly reduces fungal colonization 
levels. Taken together, our results reveal a key role for AM fungal LysM 
effectors to subvert chitin-triggered immunity in symbiosis, pointing to a 
common role for LysM effectors in both symbiotic and pathogenic fungi.

Introduction

Plants interact with microbes that can range from pathogenic to 
mutualistic. Typically, plants sense the presence of such microbes by the 
perception of microbe-associated molecular patterns (MAMPs) that are 
recognized by plant pattern recognition receptors. A major MAMP is chitin, 
a homopolymer of unbranched β-1,4-linked N-acetylglucosamine which 
is a key component of fungal cell walls (Valet et al., 2014). Especially its 
breakdown products chitooligosaccharides (COs) are perceived by plant 
Lysin motif (LysM) plasma membrane receptors that trigger immune 
responses such as defence-gene induction, secretion of chitinases and 
generation of reactive oxygen species (Bozsoki et al., 2017; Miya et al., 
2007; Shimizu et al., 2010). Nevertheless biotrophic pathogenic fungi 
that colonize plants have evolved strategies to evade or down-regulate 

122

CHAPTER 4

4
0

10000

20000

30000

40000

50000

60000

70000

80000

90000

100000

0 
m

in
0 

m
in

 3
0 

s
1 

m
in

1 
m

in
 3

0 
s

2 
m

in
2 

m
in

 3
0 

s
3 

m
in

3 
m

in
 3

0 
s

4 
m

in
4 

m
in

 3
0 

s
5 

m
in

5 
m

in
 3

0 
s

6 
m

in
6 

m
in

 3
0 

s
7 

m
in

7 
m

in
 3

0 
s

8 
m

in
8 

m
in

 3
0 

s
9 

m
in

9 
m

in
 3

0 
s

10
 m

in
10

 m
in

 3
0 

s
11

 m
in

11
 m

in
 3

0 
s

12
 m

in
12

 m
in

 3
0 

s
13

 m
in

13
 m

in
 3

0 
s

14
 m

in
14

 m
in

 3
0 

s
15

 m
in

15
 m

in
 3

0 
s

16
 m

in
16

 m
in

 3
0 

s
17

 m
in

17
 m

in
 3

0 
s

18
 m

in
18

 m
in

 3
0 

s
19

 m
in

19
 m

in
 3

0 
s

20
 m

in
20

 m
in

 3
0 

s
21

 m
in

21
 m

in
 3

0 
s

22
 m

in
22

 m
in

 3
0 

s
23

 m
in

23
 m

in
 3

0 
s

24
 m

in
24

 m
in

 3
0 

s
25

 m
in

25
 m

in
 3

0 
s

26
 m

in
26

 m
in

 3
0 

s
27

 m
in

27
 m

in
 3

0 
s

28
 m

in
28

 m
in

 3
0 

s
29

 m
in

29
 m

in
 3

0 
s

Control 100nM flg22 100nM flg22 + 400nM RiSLM

a

a

b

Figure S6.  RiSLM does not suppress flg22-induced reactive oxygen species 
(ROS) production. Medicago truncatula A17 root pieces were treated with 100nM 
flg22 with or without 400nM RiSLM . Error bars represent standard error from 6 
(control and 100nM flg22 + 400nM RiSLM treated) or 5 (100nM flg22 treated) 
biological replicates. Different letters indicate significant difference (LSD p<0.05) 
between different treatments at the indicate time point (green dotted line).  
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Figure S7. RiSLM overexpression does not enhance mycorrhization in 
Medicago truncatula. (a) Frequency (F%), mycorrhization intensity in the root 
(M%), or arbuscule abundance in the root (A%) are not affected by overexpressing 
of RiSLM. (b) qPCR analysis of control and RiSLM overexpressing roots showing 
RiSLM expression level relative to Rhizophagus irregularis elongation factor RiEF 
and MtPT4 expression levels relative to Medicago elongation factor MtEF. Error 
bar represents standard error from 3 replicates. (c, d) WGA-alexa488 staining of 
mycorrhization in RiSLM overexpressed roots (d) or control roots (c). Scale bar = 
200µm. 
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chitin triggered immune responses, especially by secreting specific 
effectors (Rovenich et al., 2016). 

One strategy relies on the secretion of effector proteins that interfere 
with chitin-triggered immunity (Sánchez-Vallet et al., 2015; Rovenich et 
al., 2016).  These include secreted proteins that consist of 1-3 LysM 
domains (Kombrink and Thomma, 2013). A key example is the LysM 
effector Ecp6 from Cladosporium fulvum, which is able to sequester fungal 
cell wall-derived chitooligosaccharides (COs) (de Jonge et al., 2010). 
LysM effectors have since been identified in several foliar pathogenic 
fungi including the wheat pathogen Zymoseptoria tritici (Mycosphaerella 
graminicola; Mg1LysM and Mg3LysM), the rice blast fungus Magnaporthe 
oryzae (Slp1), the Brassicaceae anthracnose fungus Colletotrichum 
higginsianum (ChELP1 and -2) and in the generalist vascular wilt fungal 
pathogen Verticillium dahliae (Marshall et al., 2011; Mentlak et al., 
2012; Lee et al., 2014; Takahara et al., 2016; Kombrink et al., 2017). 
Such LysM effectors can protect fungal hyphae against the activity of 
plant chitinases (Mg1LysM and Mg3LysM) or suppresses chitin-triggered 
defense responses by sequestering chitin fragments (Elp1, Ecp6) or have 
both activities (Mg3LysM) (Sánchez-Vallet et al., 2015; Rovenich et al., 
2016). The occurrence of LysM effectors in such a variety of pathogenic 
fungi suggests they may be a widespread strategy for fungi to subvert 
chitin-triggered immunity in a broad range of hosts.

Mutualistic arbuscular mycorrhizal (AM fungi) establish an intimate 
interaction with the vast majority (>80%) of all higher plants (Smith and 
Read, 2008). During this symbiosis, the fungi are intracellularly hosted 
in the inner root cortical cells forming highly branched hyphal structures, 
called arbuscules, where nutrients are exchanged in a cooperative 
manner (Gutjahr and Parniske, 2013). Chitin is also a key component of 
the cell wall of AM fungi and consistently, it has been reported that plant 
defence responses are induced in the early stage of AM symbiosis but 
these are quickly suppressed as the interaction progresses (Gianninazi-
Pearson et al., 1996; García-Garrido and Ocampo, 2002; Zamioudis and 
Pieterse, 2012). How AM fungi suppress chitin induced immune responses 
is not known. Here we study whether AM fungi use similar effectors as 
pathogenic fungi to suppress this response.

Genomic analyses have identified a LysM domain containing effector 
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Figure S6.  RiSLM does not suppress flg22-induced reactive oxygen species 
(ROS) production. Medicago truncatula A17 root pieces were treated with 100nM 
flg22 with or without 400nM RiSLM . Error bars represent standard error from 6 
(control and 100nM flg22 + 400nM RiSLM treated) or 5 (100nM flg22 treated) 
biological replicates. Different letters indicate significant difference (LSD p<0.05) 
between different treatments at the indicate time point (green dotted line).  
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Figure S7. RiSLM overexpression does not enhance mycorrhization in 
Medicago truncatula. (a) Frequency (F%), mycorrhization intensity in the root 
(M%), or arbuscule abundance in the root (A%) are not affected by overexpressing 
of RiSLM. (b) qPCR analysis of control and RiSLM overexpressing roots showing 
RiSLM expression level relative to Rhizophagus irregularis elongation factor RiEF 
and MtPT4 expression levels relative to Medicago elongation factor MtEF. Error 
bar represents standard error from 3 replicates. (c, d) WGA-alexa488 staining of 
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Abstract

Plants form a mutualistic symbiosis with arbuscular mycorrhizal (AM) 
fungi, which facilitates the acquisition of scarce minerals from the soil. 
In return, the host plants provide sugars and lipids to its fungal partner. 
However, the mechanism by which the AM fungi obtain sugars from the 
plant has remained elusive. In this study we investigated the role of 
potential SWEET family sugar exporters in AM symbiosis in Medicago 
truncatula. We show that M. truncatula SWEET1b transporter is strongly 
upregulated in arbuscule-containing cells compared to roots and localizes 
to the peri-arbuscular membrane, across which nutrient exchange takes 
place. Heterologous expression of MtSWEET1b in a yeast hexose transport 
mutant showed that it mainly transports glucose. Overexpression of 
MtSWEET1b in M. truncatula roots promoted the growth of intraradical 
mycelium during AM symbiosis. Surprisingly, two independent Mtsweet1b 
mutants, which are predicted to produce truncated protein variants 
impaired in glucose transport, exhibited no significant defects in AM 
symbiosis. However, arbuscule-specific overexpression of MtSWEET1bY57A/

G58D, which are considered to act in a dominant-negative manner, resulted 
in enhanced collapse of arbuscules. Taken together, our results reveal a 
(redundant) role for MtSWEET1b in the transport of glucose across the 
peri-arbuscular membrane to maintain arbuscules for a healthy mutually 
beneficial symbiosis.

Introduction

The vast majority of land plants engage in a mutualistic endosymbiosis 
with arbuscular mycorrhizal (AM) fungi to acquire mineral nutrients from 
soil, especially phosphorus and nitrogen (Smith and Smith, 2011). In 
return, host plants provide organic carbon to AM fungi for their survival 
and reproduction (Smith and Read, 2008). During the AM symbiosis, 
hyphae of AM fungi enter root inner cortical cells where they form highly 
branched hyphal structures, called arbuscules. The arbuscule is surrounded 
by a specialized host membrane, the peri-arbuscular membrane, which 
facilitates the exchange of nutrients (Gutjahr and Parniske, 2013). 
Recently it has been shown that fatty acids are transported from the host 
to the fungus, likely serving as a major nutritive carbon source (Jiang 
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soil, especially phosphorus and nitrogen (Smith and Smith, 2011). In 
return, host plants provide organic carbon to AM fungi for their survival 
and reproduction (Smith and Read, 2008). During the AM symbiosis, 
hyphae of AM fungi enter root inner cortical cells where they form highly 
branched hyphal structures, called arbuscules. The arbuscule is surrounded 
by a specialized host membrane, the peri-arbuscular membrane, which 
facilitates the exchange of nutrients (Gutjahr and Parniske, 2013). 
Recently it has been shown that fatty acids are transported from the host 
to the fungus, likely serving as a major nutritive carbon source (Jiang 
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et al., 2017; Luginbuehl et al., 2017; Keymer et al., 2017). However, 
previously it has been shown that the host also provides sugars as carbon 
source, although the mechanism by which sugars are transported to 
the fungus is unclear (Rich et al., 2017; Wang et al., 2017; Roth and 
Paszkowski, 2017). Therefore, in this study we investigated the role of 
SWEET sugar transporters. 

While it is clear that fatty acids are transported from the host to the 
AM fungus, several studies have indicated that hexoses, predominantly 
glucose, are also taken up by the fungus inside the root. For example, 
isotope-labelled sugars added to mycorrhized roots in combination with 
detailed nuclear magnetic resonance (NMR) spectroscopic analyses 
indicated that glucose is directly transferred from the host to the fungus 
(Shachar-Hill et al., 1995; Solaiman and Saito, 1997; Pfeffer et al., 1999; 
Bago et al., 2003; Bago et al., 2000). This implies that sugar may be 
transported via plasma membrane-localized transporters to the apoplast 
of cortical cells where it is taken up by the intraradical hyphae, or sugar 
is sent across the peri-arbuscular membrane for uptake by the arbuscule. 
Consistent with these speculations, a high affinity monosaccharide AM 
fungal transporter MST2 from Rhizophagus irregularis has been found to 
be most highly expressed in arbuscules, and this gene is essential for a 
successful symbiosis (Helber et al., 2011). However, currently no plant 
sugar transporter has been identified to be involved in sugar transport to 
the fungus.

In plants the main transporters involved in sugar efflux are members of 
the SWEET family (Sugar Will Eventually be Exported Transporter) (Chen 
et al., 2010; Chen, 2014; Eom et al., 2015). Other sugar transporters, 
such as sucrose and monosaccharide transporters, are in general 
functioning in sugar influx/uptake into plants cells (Chen et al., 2015). 
SWEET transporters are considered to function as sucrose or hexose 
uniporters, facilitating sugar transport from high to low concentration 
(Chen et al., 2010; Chen, 2014). Distinct SWEET members have been 
shown to be involved in different sugar-efflux related processes, such 
as sucrose loading into the phloem, pollen nutrition by the tapetum or 
nectar secretion (Chen et al., 2012; Chen, 2014; Lin et al., 2014b). 
Furthermore, several SWEET encoding genes are transcriptionally 
induced by biotrophic bacteria or fungi, which actively manipulate the 
accumulation of SWEET proteins to obtain carbon from the plant (Chen 
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Abstract

Plants form a mutualistic symbiosis with arbuscular mycorrhizal (AM) 
fungi, which facilitates the acquisition of scarce minerals from the soil. 
In return, the host plants provide sugars and lipids to its fungal partner. 
However, the mechanism by which the AM fungi obtain sugars from the 
plant has remained elusive. In this study we investigated the role of 
potential SWEET family sugar exporters in AM symbiosis in Medicago 
truncatula. We show that M. truncatula SWEET1b transporter is strongly 
upregulated in arbuscule-containing cells compared to roots and localizes 
to the peri-arbuscular membrane, across which nutrient exchange takes 
place. Heterologous expression of MtSWEET1b in a yeast hexose transport 
mutant showed that it mainly transports glucose. Overexpression of 
MtSWEET1b in M. truncatula roots promoted the growth of intraradical 
mycelium during AM symbiosis. Surprisingly, two independent Mtsweet1b 
mutants, which are predicted to produce truncated protein variants 
impaired in glucose transport, exhibited no significant defects in AM 
symbiosis. However, arbuscule-specific overexpression of MtSWEET1bY57A/

G58D, which are considered to act in a dominant-negative manner, resulted 
in enhanced collapse of arbuscules. Taken together, our results reveal a 
(redundant) role for MtSWEET1b in the transport of glucose across the 
peri-arbuscular membrane to maintain arbuscules for a healthy mutually 
beneficial symbiosis.
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et al., 2010; Chong et al., 2014). In Solanum tuberosum (potato) and 
Glycine max (soybean), several SWEET transporter genes were found 
to be induced during mycorrhizal symbiosis (Manck-Götzenberger and 
Requena, 2016; Zhao et al., 2019). Hence, it has long been anticipated 
that certain SWEET family members may be recruited to supply sugars 
to AM fungi. 

In this study, we conducted a detailed analysis of the expression pattern 
of the SWEET family genes in M. truncatula roots colonized by AM fungi. 
We found that MtSWEET1b is highly induced in the cortical cells containing 
arbuscules of R. irregularis. Moreover, MtSWEET1b is specifically localized 
to the peri-arbuscular membrane. Further genetic analyses suggest that 
MtSWEET1b may play a redundant role in providing sugar to AM fungi to 
maintain a successful symbiosis.

Materials and Methods

Plant materials, growth and mycorrhizal inoculation

M. truncatula genotypes Jemalong A17 and R108 were used. Additionally, 
two Tnt1 retrotransposon insertion mutants (NF1309 and NF3539) in 
the R108 background were used in this study. Tnt1 lines were obtained 
from the Noble Research Institute (https://medicago-mutant.noble.org/mutant/) 
(Tadege et al., 2008). The Tnt1 insertion sites were confirmed by 
transposon display PCR (Tadege et al., 2008), using primers NF1309F/R 
or NF3539F/R, TntF and TntR (Table S1). All the M. truncatula plants 
were grown under a 16 h light and 8 h dark cycle at 21°C and 45% 
relative humidity. R. irregularis DAOM197198 spores were obtained 
from Agronutrition, Toulouse, France. The Glomus mosseae strain was 
purchased from the Institute of Plant Nutrition and Resources, Beijing 
Academy of Agriculture and Forestry Sciences, and propagated on chives 
under greenhouse conditions.

M. truncatula mutant seedlings or Agrobacterium rhizogenes transformed 
composite M. truncatula plants were grown in cones (Stuewe & Sons, 
USA) containing a 1.5:1 (v/v) ratio of autoclaved 2-5 mm clay granules 
(Jongkind, The Netherlands) and sand mixture. Each cone contained 
one plant, 400 commercial R. irregularis spores were placed on a sand 
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layer positioned about 7 cm below the top of the cones. Plants were 
watered twice a week with 10 ml low-phosphate (20 μM Pi) half-strength 
Hoagland’s solution.

Vector construction and hairy root transformation

To create MtSWEET1bpro:GUS, a 1349 bp upstream of the MtSWEET1b 
(Medtr3g089125) ATG start codon was amplified by PCR, from M. 
truncatula A17 genomic DNA, using high fidelity Phusion (Thermal Fisher) 
polymerase with primers pSWEET1b-F and pSWEET1b-R and was then 
cloned into pENTR-D/-TOPO (Invitrogen). After sequence verification, the 
MtSWEET1b promoter region was recombined into pKGWFS2-RR using 
LR clonase II (Invitrogen), resulting in MtSWEET1bpro:GUS. Primer 
sequences used in this study are listed in Table S1.

The A17 genomic sequence of MtSWEET1b lacking the stop codon 
was PCR amplified using primers MtSWEET1b-F and SWEET1b-R and 
then cloned into pENTR-D/-TOPO-vector. The MtSWEET1b promoter 
was digested from pENTR-D/-TOPO (HindIII -AscI) and inserted 
into a pENTR4-1 (BsaI digested) entry vector using T4 DNA Ligase. 
MtSWEET1bpro:MtSWEET1b-GFP was created using multisite Gateway 
technology (Invitrogen) in the pKGW-RR-MGW destination vector, which 
contains a DsRed selection marker to select transgenic roots (Huisman 
et al., 2016). To create an overexpression construct of MtSWEET1b, the 
genomic sequence of MtSWEET1b in pENTR-D/-TOPO-vector was used 
to incorporate MtPT4pro:MtSWEET1b in the pKGW-RR-MGW destination 
vector via multisite gateway technology.

Y57A-MtSWEET1b or G58D-MtSWEET1b substitutions (with or without 
stop-codon) were created by overlap PCR using wild type MtSWEET1b 
cDNA as a template and subsequently cloned into pENTR-D/-TOPO 
vector. Multisite gateway technology was subsequently used to create 
MtPT4pro:Y57A-MtSWEET1b-GFP, MtPT4pro: G58D-MtSWEET1b-GFP, 
MtPT4pro:Y57A-MtSWEET1b and MtPT4pro: G58D-MtSWEET1b in the 
pKGW-RR-MGW destination vector according to a previous method 
(Huisman et al., 2016). All constructs were confirmed by Sanger 
sequencing.

A. rhizogenes strain MSU440 was used for hairy root transformations 
according to previously described (Limpens et al., 2004).
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Mycorrhizal staining and quantification

Roots were harvested and fixed in 50% ethanol or PME (100 mM PIPS, 
1 mM MgCl2, 1 mM EGTA, pH 6.65) buffer for staining. To visualize 
mycorrhizal structures, roots were stained using wheat germ agglutinin 
(WGA) Alexa Fluor 488. Roots were incubated at 90°C for 10 min in 10% 
KOH, washed twice in water, washed in 2% HCl for 20 min, washed in 1x 
PBS buffer for 1 h, and then incubated overnight in 1x PBS containing 2 
mg/L WGA-Alexa Fluor 488 at 4°C.

Quantification of mycorrhization was done according to Trouvelot et al. 
(1986) or the objective intersect method (McGONIGLE et al., 1990). 
Arbuscule morphology was scored into two categories, the abundance 
of good/mature arbuscules and degenerating/collapsed arbuscules was 
calculated separately.

Laser microdissection

M. truncatula roots colonized by R. irregularis were harvested and 
fixed in Farmer’s fixative solution and stored at 4°C for 16 h. To isolate 
the arbuscule-containing cells and non-colonized inner cortical cells, 
the roots were stained by 0.01% chlorazol black E, dehydrated using 
an ethanol series, and embedded using Steedman wax (Sigma). Laser 
microdissection was performed according to Huisman et al. (2016) using 
a Leica LMD7000. RNA was isolated from microdissected samples (three 
biological replicates each) using the Qiagen RNeasy microkit. Quality of 
the isolated RNA was monitored using agarose gel electrophoresis and 
by Agilent Technologies 2100 Bioanalyzer. The cDNA synthesis and cDNA 
pre-amplification before qRT-PCR analysis were performed as described 
by Huisman et al. (2016).

RNA extraction and quantitative real-time PCR (qRT-PCR) analysis

Total RNA from roots was isolated using the Qiagen Plant RNeasy mini 
kit, according to manufacturer’s instructions. Quality of the isolated RNA 
was monitored using agarose gel electrophoresis. A total of 500 ng or 1 
µg RNA was used to synthesize cDNA using the iScript cDNA synthesis 
kit (Bio-Rad). Resulting cDNA was diluted 5 times and used for qRT-PCR 
analysis using SYBR green supermix (Bio-Rad) with gene specific primers 
(listed in Table S1) in a Bio-Rad CFX connect real-time PCR machine. The 
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cDNA levels were normalized using the widely used housekeeping gene 
Medicago elongation factor 1alpha MtEF1a as a reference gene.

RNAseq analyses

The raw RNA-sequencing data of cortical cells containing arbuscules and 
cortical cells adjacent to hyphae were obtained by Zeng et al. (2018). All 
the clean reads were mapped to the M. truncatula genome version Mt 4.0 
(Tang et al., 2014) using CLC genomics workbench 10.0.1 (Qiagen). The 
parameters used for mapping and TPM (transcripts per million, Wagner et 
al., 2012) calculation are described in Zeng et al. (2018). 

Yeast expression of MtSWEET1b and its dominant negative 
mutants

MtSWEET1b and AtSWEET1 ORFs were PCR amplified on cDNA from 
M. truncatula A17 and Arabidopsis Col-0, respectively, using primers 
containing NotI sites and BsaI sites, and inserted into the yeast expression 
vector pPMA1 (Sauer and Stolz, 1994). The final MtSWEET1b-pPMA1 
and AtSWEET1-pPMA1 constructs were verified by Sanger sequencing. 
MtSWEET1b-G57A and MtSWEET1b-G58D and wild type MtSWEET1b ORF 
pENTR clones were recombined into the pDR-F1-GW vector (Xuan et al., 
2013) using LR clonase II (InvitrogenTM). Also the truncated transcript 
of MtSWEET1b produced in sweet1b-2 mutant (NF3539) was cloned 
from its cDNA, and recombined into the pDR-F1-GW vector as above. All 
vectors were introduced into the yeast hexose transporter mutant EBY.
VW4000 (Wieczorke et al., 1999) via PEG/LiAc mediated transformation 
(Gietz and Schiestl, 2007). After transformation, yeast transformants 
were incubated on selective dropout (SD, -URA) medium containing 2% 
maltose (Dicofa) as a carbon source for 2-3 days at 30°C. Presence of the 
construct in the yeast transformants was verified by plasmid isolation and 
resequencing. For complementation growth assays, the transformants 
were grown in YNB liquid medium containing 2% maltose overnight, 
washed twice in sterile water and resuspended at an OD600 of 0.2. 
Subsequently, serial dilutions (1x, 5x, 25x and 125x) were plated on SD 
(-URA) media containing either 2% maltose as control or 2% glucose, 
2% fructose, 2% mannose, 2% galactose and 2% sucrose, respectively. 
Growth was recorded after 2-4 days at 30°C.

Phylogenetic analyses and transmembrane helices prediction
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et al., 2017; Luginbuehl et al., 2017; Keymer et al., 2017). However, 
previously it has been shown that the host also provides sugars as carbon 
source, although the mechanism by which sugars are transported to 
the fungus is unclear (Rich et al., 2017; Wang et al., 2017; Roth and 
Paszkowski, 2017). Therefore, in this study we investigated the role of 
SWEET sugar transporters. 

While it is clear that fatty acids are transported from the host to the 
AM fungus, several studies have indicated that hexoses, predominantly 
glucose, are also taken up by the fungus inside the root. For example, 
isotope-labelled sugars added to mycorrhized roots in combination with 
detailed nuclear magnetic resonance (NMR) spectroscopic analyses 
indicated that glucose is directly transferred from the host to the fungus 
(Shachar-Hill et al., 1995; Solaiman and Saito, 1997; Pfeffer et al., 1999; 
Bago et al., 2003; Bago et al., 2000). This implies that sugar may be 
transported via plasma membrane-localized transporters to the apoplast 
of cortical cells where it is taken up by the intraradical hyphae, or sugar 
is sent across the peri-arbuscular membrane for uptake by the arbuscule. 
Consistent with these speculations, a high affinity monosaccharide AM 
fungal transporter MST2 from Rhizophagus irregularis has been found to 
be most highly expressed in arbuscules, and this gene is essential for a 
successful symbiosis (Helber et al., 2011). However, currently no plant 
sugar transporter has been identified to be involved in sugar transport to 
the fungus.

In plants the main transporters involved in sugar efflux are members of 
the SWEET family (Sugar Will Eventually be Exported Transporter) (Chen 
et al., 2010; Chen, 2014; Eom et al., 2015). Other sugar transporters, 
such as sucrose and monosaccharide transporters, are in general 
functioning in sugar influx/uptake into plants cells (Chen et al., 2015). 
SWEET transporters are considered to function as sucrose or hexose 
uniporters, facilitating sugar transport from high to low concentration 
(Chen et al., 2010; Chen, 2014). Distinct SWEET members have been 
shown to be involved in different sugar-efflux related processes, such 
as sucrose loading into the phloem, pollen nutrition by the tapetum or 
nectar secretion (Chen et al., 2012; Chen, 2014; Lin et al., 2014b). 
Furthermore, several SWEET encoding genes are transcriptionally 
induced by biotrophic bacteria or fungi, which actively manipulate the 
accumulation of SWEET proteins to obtain carbon from the plant (Chen 
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Mycorrhizal staining and quantification

Roots were harvested and fixed in 50% ethanol or PME (100 mM PIPS, 
1 mM MgCl2, 1 mM EGTA, pH 6.65) buffer for staining. To visualize 
mycorrhizal structures, roots were stained using wheat germ agglutinin 
(WGA) Alexa Fluor 488. Roots were incubated at 90°C for 10 min in 10% 
KOH, washed twice in water, washed in 2% HCl for 20 min, washed in 1x 
PBS buffer for 1 h, and then incubated overnight in 1x PBS containing 2 
mg/L WGA-Alexa Fluor 488 at 4°C.

Quantification of mycorrhization was done according to Trouvelot et al. 
(1986) or the objective intersect method (McGONIGLE et al., 1990). 
Arbuscule morphology was scored into two categories, the abundance 
of good/mature arbuscules and degenerating/collapsed arbuscules was 
calculated separately.

Laser microdissection

M. truncatula roots colonized by R. irregularis were harvested and 
fixed in Farmer’s fixative solution and stored at 4°C for 16 h. To isolate 
the arbuscule-containing cells and non-colonized inner cortical cells, 
the roots were stained by 0.01% chlorazol black E, dehydrated using 
an ethanol series, and embedded using Steedman wax (Sigma). Laser 
microdissection was performed according to Huisman et al. (2016) using 
a Leica LMD7000. RNA was isolated from microdissected samples (three 
biological replicates each) using the Qiagen RNeasy microkit. Quality of 
the isolated RNA was monitored using agarose gel electrophoresis and 
by Agilent Technologies 2100 Bioanalyzer. The cDNA synthesis and cDNA 
pre-amplification before qRT-PCR analysis were performed as described 
by Huisman et al. (2016).

RNA extraction and quantitative real-time PCR (qRT-PCR) analysis

Total RNA from roots was isolated using the Qiagen Plant RNeasy mini 
kit, according to manufacturer’s instructions. Quality of the isolated RNA 
was monitored using agarose gel electrophoresis. A total of 500 ng or 1 
µg RNA was used to synthesize cDNA using the iScript cDNA synthesis 
kit (Bio-Rad). Resulting cDNA was diluted 5 times and used for qRT-PCR 
analysis using SYBR green supermix (Bio-Rad) with gene specific primers 
(listed in Table S1) in a Bio-Rad CFX connect real-time PCR machine. The 
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cDNA levels were normalized using the widely used housekeeping gene 
Medicago elongation factor 1alpha MtEF1a as a reference gene.

RNAseq analyses

The raw RNA-sequencing data of cortical cells containing arbuscules and 
cortical cells adjacent to hyphae were obtained by Zeng et al. (2018). All 
the clean reads were mapped to the M. truncatula genome version Mt 4.0 
(Tang et al., 2014) using CLC genomics workbench 10.0.1 (Qiagen). The 
parameters used for mapping and TPM (transcripts per million, Wagner et 
al., 2012) calculation are described in Zeng et al. (2018). 

Yeast expression of MtSWEET1b and its dominant negative 
mutants

MtSWEET1b and AtSWEET1 ORFs were PCR amplified on cDNA from 
M. truncatula A17 and Arabidopsis Col-0, respectively, using primers 
containing NotI sites and BsaI sites, and inserted into the yeast expression 
vector pPMA1 (Sauer and Stolz, 1994). The final MtSWEET1b-pPMA1 
and AtSWEET1-pPMA1 constructs were verified by Sanger sequencing. 
MtSWEET1b-G57A and MtSWEET1b-G58D and wild type MtSWEET1b ORF 
pENTR clones were recombined into the pDR-F1-GW vector (Xuan et al., 
2013) using LR clonase II (InvitrogenTM). Also the truncated transcript 
of MtSWEET1b produced in sweet1b-2 mutant (NF3539) was cloned 
from its cDNA, and recombined into the pDR-F1-GW vector as above. All 
vectors were introduced into the yeast hexose transporter mutant EBY.
VW4000 (Wieczorke et al., 1999) via PEG/LiAc mediated transformation 
(Gietz and Schiestl, 2007). After transformation, yeast transformants 
were incubated on selective dropout (SD, -URA) medium containing 2% 
maltose (Dicofa) as a carbon source for 2-3 days at 30°C. Presence of the 
construct in the yeast transformants was verified by plasmid isolation and 
resequencing. For complementation growth assays, the transformants 
were grown in YNB liquid medium containing 2% maltose overnight, 
washed twice in sterile water and resuspended at an OD600 of 0.2. 
Subsequently, serial dilutions (1x, 5x, 25x and 125x) were plated on SD 
(-URA) media containing either 2% maltose as control or 2% glucose, 
2% fructose, 2% mannose, 2% galactose and 2% sucrose, respectively. 
Growth was recorded after 2-4 days at 30°C.

Phylogenetic analyses and transmembrane helices prediction
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Abstract

Plants form a mutualistic symbiosis with arbuscular mycorrhizal (AM) 
fungi, which facilitates the acquisition of scarce minerals from the soil. 
In return, the host plants provide sugars and lipids to its fungal partner. 
However, the mechanism by which the AM fungi obtain sugars from the 
plant has remained elusive. In this study we investigated the role of 
potential SWEET family sugar exporters in AM symbiosis in Medicago 
truncatula. We show that M. truncatula SWEET1b transporter is strongly 
upregulated in arbuscule-containing cells compared to roots and localizes 
to the peri-arbuscular membrane, across which nutrient exchange takes 
place. Heterologous expression of MtSWEET1b in a yeast hexose transport 
mutant showed that it mainly transports glucose. Overexpression of 
MtSWEET1b in M. truncatula roots promoted the growth of intraradical 
mycelium during AM symbiosis. Surprisingly, two independent Mtsweet1b 
mutants, which are predicted to produce truncated protein variants 
impaired in glucose transport, exhibited no significant defects in AM 
symbiosis. However, arbuscule-specific overexpression of MtSWEET1bY57A/

G58D, which are considered to act in a dominant-negative manner, resulted 
in enhanced collapse of arbuscules. Taken together, our results reveal a 
(redundant) role for MtSWEET1b in the transport of glucose across the 
peri-arbuscular membrane to maintain arbuscules for a healthy mutually 
beneficial symbiosis.

Introduction

The vast majority of land plants engage in a mutualistic endosymbiosis 
with arbuscular mycorrhizal (AM) fungi to acquire mineral nutrients from 
soil, especially phosphorus and nitrogen (Smith and Smith, 2011). In 
return, host plants provide organic carbon to AM fungi for their survival 
and reproduction (Smith and Read, 2008). During the AM symbiosis, 
hyphae of AM fungi enter root inner cortical cells where they form highly 
branched hyphal structures, called arbuscules. The arbuscule is surrounded 
by a specialized host membrane, the peri-arbuscular membrane, which 
facilitates the exchange of nutrients (Gutjahr and Parniske, 2013). 
Recently it has been shown that fatty acids are transported from the host 
to the fungus, likely serving as a major nutritive carbon source (Jiang 
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M. truncatula, Lotus japonicus and S. tuberosum SWEET homologs were 
identified from their genome databases with BLASTP using Arabidopsis 
and rice SWEET proteins as queries. All the protein sequences were 
aligned by ClustalW using MEGA 6.06 version (Tamura et al., 2013). A 
phylogenetic tree was constructed using the Neighbor-joining method 
with 2000 bootstrap replications and 95% Gaps/Missing data deletion. 
Figtree v1.4.2 was used to adjust shape of the phylogenetic tree.

The transmembrane domain predication of MtSWEET1b and its truncated 
versions were conducted by TMHMM Server v 2.0 (http://www.cbs.dtu.
dk/services/TMHMM/) online software.

GUS staining, resin embedding and sectioning

Transgenic roots containing MtSWEET1bpro:GUS constructs were stained 
by GUS buffer. Therefore roots were harvested and washed with 1x 
PBS twice, incubated in β-glucoronidase (GUS) reaction buffer (3% 
sucrose, 10 mM EDTA, 2 mM potassium-ferrocyanide, 2 mM potassium-
ferricyanide and 1 mg/ml X-Gluc in 100 mM PBS, pH 7.0) under vacuum 
for 30 min, and then incubated at 37°C for 3 h. After GUS staining, 
the root segments were incubated in fixation buffer (5% glutaraldehyde 
in 100 mM phosphate buffer, pH 7.2) at 4°C overnight. Next, the roots 
were dehydrated using an ethanol series, infiltrated and embedded in 
Technovit 7100 (Hereus-Kulzer, Germany). The embedded roots were cut 
into 10 μm longitudinal sections using a microtome (Leica 2035) and 
stained in 0.1% Ruthenium Red for 15 min.

Microscopy

Transgenic roots showing DsRed fluorescence were selected using a 
Leica MZIII fluorescence stereomicroscope. To observe the subcellular 
localization of GFP-fusion constructs, a Leica SP8 confocal microscope was 
used. Freshly harvested transgenic roots were dissected longitudinally 
using a razorblade, mounted on microscope slides in water, and imaged 
using a 40x water-immersion objective. GFP was observed using an 
excitation wavelength of 488 nm, and emission detected between 500 
and 550 nm. DsRed was observed using excitation wavelength of 554 
nm, and emission detected at 586 nm. For imaging of GUS-stained 
root sections or WGA-Alexa Fluor 488 stained roots, a Leica DM5500B 
fluorescence microscope was used.
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Results

MtSWEET1b is strongly expressed in arbuscule-containing cells

To investigate whether host SWEET transporters are engaged in sugar 
transport during mycorrhizal symbiosis, we first identified M. truncatula 
genes encoding SWEET transporters based on their sequence homology 
with Arabidopsis thaliana and Oryza sativa SWEET proteins (Chen et al., 
2010). A total of 26 M. truncatula SWEET genes were identified in the 
M. truncatula genome (Table S2), in agreement with previously reported 
(Kryvoruchko et al., 2016). The phylogenetic relationship of the 26 M. 
truncatula SWEET genes and their A. thaliana, O. sativa, S. tuberosum 
and L. japonicus homologs is shown in Fig. S1.

To identify which SWEET genes may be involved in AM symbiosis, we 
determined the expression patterns of all SWEET genes in M. truncatula 
roots inoculated with the AM fungus R. irregularis. First, we analyzed RNA-
seq transcriptome data of cortical cells containing arbuscules and cortical 
cells adjacent to hyphae, which were isolated by laser microdissection 
(Zeng et al., 2018). This analysis showed that of all the SWEET genes 
only MtSWEET1b (Medtr3g089125) has high expression in root cells 
that are in contact with the fungus (Fig. S2). MtSWEET1b is especially 
prominent in arbuscule-containing cells, with a TPM value (transcripts 
per million) of 326.32 ± 61.40. In comparison, the highly expressed 
phosphate transporter MtPT4 (Harrison et al., 2002; Javot et al., 2007) 
has a TPM value of 1399.87 ± 385.28. We confirmed that MtSWEET1b 
is highly expressed in the cortical cells containing arbuscules by laser 
capture microdissection combined with qRT-PCR analysis (Fig. S3a). Five 
additional SWEET transporters that appeared to be weakly expressed 
based on RNA-seq data were hardly detectable by qRT-PCR (Fig. S2 
and S3a). Low MtSWEET1b expression (TPM value 46.00 ±47.26) was 
also detected in cortical cells surrounding intercellular hyphae (Fig. S2). 
qRT-PCR analysis showed that the expression level of MtSWEET1b is 
~200-fold higher in mycorrhized roots one month after inoculation with 
R. irregularis compared to non-mycorrhized roots (Fig. 1a). Induction 
of MtSWEET1b expression upon AM symbiosis was also observed in 
roots colonized by the AM fungus F. mosseae (Fig. S3b). Interestingly, 
MtSWEET1b expression was rapidly shut down when the concentration 
of supplied phosphate was raised from 20 µM to 3 mM (Fig. S4a). It has 
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et al., 2017; Luginbuehl et al., 2017; Keymer et al., 2017). However, 
previously it has been shown that the host also provides sugars as carbon 
source, although the mechanism by which sugars are transported to 
the fungus is unclear (Rich et al., 2017; Wang et al., 2017; Roth and 
Paszkowski, 2017). Therefore, in this study we investigated the role of 
SWEET sugar transporters. 

While it is clear that fatty acids are transported from the host to the 
AM fungus, several studies have indicated that hexoses, predominantly 
glucose, are also taken up by the fungus inside the root. For example, 
isotope-labelled sugars added to mycorrhized roots in combination with 
detailed nuclear magnetic resonance (NMR) spectroscopic analyses 
indicated that glucose is directly transferred from the host to the fungus 
(Shachar-Hill et al., 1995; Solaiman and Saito, 1997; Pfeffer et al., 1999; 
Bago et al., 2003; Bago et al., 2000). This implies that sugar may be 
transported via plasma membrane-localized transporters to the apoplast 
of cortical cells where it is taken up by the intraradical hyphae, or sugar 
is sent across the peri-arbuscular membrane for uptake by the arbuscule. 
Consistent with these speculations, a high affinity monosaccharide AM 
fungal transporter MST2 from Rhizophagus irregularis has been found to 
be most highly expressed in arbuscules, and this gene is essential for a 
successful symbiosis (Helber et al., 2011). However, currently no plant 
sugar transporter has been identified to be involved in sugar transport to 
the fungus.

In plants the main transporters involved in sugar efflux are members of 
the SWEET family (Sugar Will Eventually be Exported Transporter) (Chen 
et al., 2010; Chen, 2014; Eom et al., 2015). Other sugar transporters, 
such as sucrose and monosaccharide transporters, are in general 
functioning in sugar influx/uptake into plants cells (Chen et al., 2015). 
SWEET transporters are considered to function as sucrose or hexose 
uniporters, facilitating sugar transport from high to low concentration 
(Chen et al., 2010; Chen, 2014). Distinct SWEET members have been 
shown to be involved in different sugar-efflux related processes, such 
as sucrose loading into the phloem, pollen nutrition by the tapetum or 
nectar secretion (Chen et al., 2012; Chen, 2014; Lin et al., 2014b). 
Furthermore, several SWEET encoding genes are transcriptionally 
induced by biotrophic bacteria or fungi, which actively manipulate the 
accumulation of SWEET proteins to obtain carbon from the plant (Chen 
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M. truncatula, Lotus japonicus and S. tuberosum SWEET homologs were 
identified from their genome databases with BLASTP using Arabidopsis 
and rice SWEET proteins as queries. All the protein sequences were 
aligned by ClustalW using MEGA 6.06 version (Tamura et al., 2013). A 
phylogenetic tree was constructed using the Neighbor-joining method 
with 2000 bootstrap replications and 95% Gaps/Missing data deletion. 
Figtree v1.4.2 was used to adjust shape of the phylogenetic tree.

The transmembrane domain predication of MtSWEET1b and its truncated 
versions were conducted by TMHMM Server v 2.0 (http://www.cbs.dtu.
dk/services/TMHMM/) online software.

GUS staining, resin embedding and sectioning

Transgenic roots containing MtSWEET1bpro:GUS constructs were stained 
by GUS buffer. Therefore roots were harvested and washed with 1x 
PBS twice, incubated in β-glucoronidase (GUS) reaction buffer (3% 
sucrose, 10 mM EDTA, 2 mM potassium-ferrocyanide, 2 mM potassium-
ferricyanide and 1 mg/ml X-Gluc in 100 mM PBS, pH 7.0) under vacuum 
for 30 min, and then incubated at 37°C for 3 h. After GUS staining, 
the root segments were incubated in fixation buffer (5% glutaraldehyde 
in 100 mM phosphate buffer, pH 7.2) at 4°C overnight. Next, the roots 
were dehydrated using an ethanol series, infiltrated and embedded in 
Technovit 7100 (Hereus-Kulzer, Germany). The embedded roots were cut 
into 10 μm longitudinal sections using a microtome (Leica 2035) and 
stained in 0.1% Ruthenium Red for 15 min.

Microscopy

Transgenic roots showing DsRed fluorescence were selected using a 
Leica MZIII fluorescence stereomicroscope. To observe the subcellular 
localization of GFP-fusion constructs, a Leica SP8 confocal microscope was 
used. Freshly harvested transgenic roots were dissected longitudinally 
using a razorblade, mounted on microscope slides in water, and imaged 
using a 40x water-immersion objective. GFP was observed using an 
excitation wavelength of 488 nm, and emission detected between 500 
and 550 nm. DsRed was observed using excitation wavelength of 554 
nm, and emission detected at 586 nm. For imaging of GUS-stained 
root sections or WGA-Alexa Fluor 488 stained roots, a Leica DM5500B 
fluorescence microscope was used.
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Results

MtSWEET1b is strongly expressed in arbuscule-containing cells

To investigate whether host SWEET transporters are engaged in sugar 
transport during mycorrhizal symbiosis, we first identified M. truncatula 
genes encoding SWEET transporters based on their sequence homology 
with Arabidopsis thaliana and Oryza sativa SWEET proteins (Chen et al., 
2010). A total of 26 M. truncatula SWEET genes were identified in the 
M. truncatula genome (Table S2), in agreement with previously reported 
(Kryvoruchko et al., 2016). The phylogenetic relationship of the 26 M. 
truncatula SWEET genes and their A. thaliana, O. sativa, S. tuberosum 
and L. japonicus homologs is shown in Fig. S1.

To identify which SWEET genes may be involved in AM symbiosis, we 
determined the expression patterns of all SWEET genes in M. truncatula 
roots inoculated with the AM fungus R. irregularis. First, we analyzed RNA-
seq transcriptome data of cortical cells containing arbuscules and cortical 
cells adjacent to hyphae, which were isolated by laser microdissection 
(Zeng et al., 2018). This analysis showed that of all the SWEET genes 
only MtSWEET1b (Medtr3g089125) has high expression in root cells 
that are in contact with the fungus (Fig. S2). MtSWEET1b is especially 
prominent in arbuscule-containing cells, with a TPM value (transcripts 
per million) of 326.32 ± 61.40. In comparison, the highly expressed 
phosphate transporter MtPT4 (Harrison et al., 2002; Javot et al., 2007) 
has a TPM value of 1399.87 ± 385.28. We confirmed that MtSWEET1b 
is highly expressed in the cortical cells containing arbuscules by laser 
capture microdissection combined with qRT-PCR analysis (Fig. S3a). Five 
additional SWEET transporters that appeared to be weakly expressed 
based on RNA-seq data were hardly detectable by qRT-PCR (Fig. S2 
and S3a). Low MtSWEET1b expression (TPM value 46.00 ±47.26) was 
also detected in cortical cells surrounding intercellular hyphae (Fig. S2). 
qRT-PCR analysis showed that the expression level of MtSWEET1b is 
~200-fold higher in mycorrhized roots one month after inoculation with 
R. irregularis compared to non-mycorrhized roots (Fig. 1a). Induction 
of MtSWEET1b expression upon AM symbiosis was also observed in 
roots colonized by the AM fungus F. mosseae (Fig. S3b). Interestingly, 
MtSWEET1b expression was rapidly shut down when the concentration 
of supplied phosphate was raised from 20 µM to 3 mM (Fig. S4a). It has 
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Abstract

Plants form a mutualistic symbiosis with arbuscular mycorrhizal (AM) 
fungi, which facilitates the acquisition of scarce minerals from the soil. 
In return, the host plants provide sugars and lipids to its fungal partner. 
However, the mechanism by which the AM fungi obtain sugars from the 
plant has remained elusive. In this study we investigated the role of 
potential SWEET family sugar exporters in AM symbiosis in Medicago 
truncatula. We show that M. truncatula SWEET1b transporter is strongly 
upregulated in arbuscule-containing cells compared to roots and localizes 
to the peri-arbuscular membrane, across which nutrient exchange takes 
place. Heterologous expression of MtSWEET1b in a yeast hexose transport 
mutant showed that it mainly transports glucose. Overexpression of 
MtSWEET1b in M. truncatula roots promoted the growth of intraradical 
mycelium during AM symbiosis. Surprisingly, two independent Mtsweet1b 
mutants, which are predicted to produce truncated protein variants 
impaired in glucose transport, exhibited no significant defects in AM 
symbiosis. However, arbuscule-specific overexpression of MtSWEET1bY57A/

G58D, which are considered to act in a dominant-negative manner, resulted 
in enhanced collapse of arbuscules. Taken together, our results reveal a 
(redundant) role for MtSWEET1b in the transport of glucose across the 
peri-arbuscular membrane to maintain arbuscules for a healthy mutually 
beneficial symbiosis.

Introduction

The vast majority of land plants engage in a mutualistic endosymbiosis 
with arbuscular mycorrhizal (AM) fungi to acquire mineral nutrients from 
soil, especially phosphorus and nitrogen (Smith and Smith, 2011). In 
return, host plants provide organic carbon to AM fungi for their survival 
and reproduction (Smith and Read, 2008). During the AM symbiosis, 
hyphae of AM fungi enter root inner cortical cells where they form highly 
branched hyphal structures, called arbuscules. The arbuscule is surrounded 
by a specialized host membrane, the peri-arbuscular membrane, which 
facilitates the exchange of nutrients (Gutjahr and Parniske, 2013). 
Recently it has been shown that fatty acids are transported from the host 
to the fungus, likely serving as a major nutritive carbon source (Jiang 
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been shown that high concentrations of phosphate repressed symbiotic 
gene expression, leading to an inhibition of colonization with a lag period 
of more than one week in established mycorrhizal roots (Breuillin et al., 
2010; Helber et al., 2011). Three days after increasing the phosphate 
concentration, a time point when arbuscule abundance and morphology 
were not affected, expression of MtSWEET1b as well as the symbiotic 
marker genes MtPT4 and MtBCP1 were significantly down-regulated (Fig. 
S4b). This indicates that transcriptional regulation of MtSWEET1b occurs 
in a phosphate concentration-dependent manner.

To further study the spatial expression pattern of MtSWEET1b, we fused 
the putative 1349 bp promoter region upstream of the MtSWEET1b start 
codon to the open reading frame of the β-glucoronidase (GUS) reporter. 
We introduced this promoter-GUS construct into roots of M. truncatula 
A17 by A. rhizogenes-mediated root transformation and assayed for GUS 
activity in transgenic roots inoculated with or without R. irregularis, at 
4 weeks post-inoculation (wpi). Analysis of semi-thin longitudinal root 
sections showed strong GUS signal present in arbuscule-containing cells 
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Figure 1. Analysis of the expression pattern of M. truncatula SWEET1b during 
AM symbiosis. (a) Relative expression level of MtSWEET1b in M. truncatula roots 
inoculated with AM fungi R. irregularis and non-inoculated controls measured by 
qRT-PCR. Mycorrhized and non-inoculated control roots were harvested at 6 wpi. 
MtEF1α was used as reference gene. SD obtained from three independent replicates. 
(b) Medicago hairy roots expressing MtSWEET1bpro:GUS show GUS activity in 
arbuscule-containing cells (arrow) and weak signal in the surrounding cortex cells, 
6 wpi with R. irregularis. Bar = 25 μm. (c) Non-mycorrhized MtSWEET1bpro:GUS 
expressing roots lack GUS signal in the cortex cells in the mature part of the root. 
Bar = 75 μm.
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(Fig. 1b, indicated by arrow) and weakly in the surrounding cortical cells 
(Fig. 1b). Additionally, GUS signal was also detected in the root tips of 
both inoculated and non-inoculated roots (Fig. S5a-b). No GUS signal 
was observed in cortical cells of non-mycorrhized roots (Fig. 1c).

These data suggest that MtSWEET1b is a good candidate gene for a role 
in sugar transport in arbuscule-containing cells.

MtSWEET1b localizes to the peri-arbuscular membrane

To determine the subcellular localization of MtSWEET1b, we made a 
translational fusion of MtSWEET1b with GFP driven by its own 1349-bp 
promoter, creating MtSWEET1b:MtSWEET1b-GFP for protein localization 
analysis in transgenic M. truncatula roots inoculated with R. irregularis. 
Confocal imaging showed that MtSWEET1b-GFP is specifically localized 
to the peri-arbuscular membrane surrounding both fine hyphal branches 
and the trunk of the arbuscule (Fig. 2a-e). This result suggests that 
MtSWEET1b is well positioned to transport sugars across the peri-
arbuscular membrane to the fungus.

(a) (c)

(d) (e)

(b)

Figure 2. MtSWEET1b-GFP is present on the peri-arbuscular membrane. 
(a-e) Confocal microscopy images of M. truncatula roots expressing 
MtSWEET1bpro:MtSWEET1b-GFP colonized with R. irregularis. (a-d) Different 
panels display the MtSWEET1b-GFP signal in a single cortical cell harboring a 
mature arbuscule. (a) GFP-fluorescence of MtSWEET1b-GFP can be observed on 
the peri-arbuscular membrane at fine branches (arrow). (b) Corresponding bright 
field image. (c) Corresponding overlay image of (a) and (b). (d) Corresponding 
overlay image of green channels (a) and red channels. Red fluorescence in the 
cytoplasm and nucleus was from the DsRed protein expressed from the A. thaliana 
Ubiquitin3 promoter. (e) A cortical cell harboring a developing arbuscule displays 
SWEET1b-GFP signal on the peri-arbuscular membrane at fine branches (arrow) 
as well as the trunk part (arrowhead). All bars = 10 μm.



127

5

A SWEET transporter implicated in AM symbiosis

et al., 2017; Luginbuehl et al., 2017; Keymer et al., 2017). However, 
previously it has been shown that the host also provides sugars as carbon 
source, although the mechanism by which sugars are transported to 
the fungus is unclear (Rich et al., 2017; Wang et al., 2017; Roth and 
Paszkowski, 2017). Therefore, in this study we investigated the role of 
SWEET sugar transporters. 

While it is clear that fatty acids are transported from the host to the 
AM fungus, several studies have indicated that hexoses, predominantly 
glucose, are also taken up by the fungus inside the root. For example, 
isotope-labelled sugars added to mycorrhized roots in combination with 
detailed nuclear magnetic resonance (NMR) spectroscopic analyses 
indicated that glucose is directly transferred from the host to the fungus 
(Shachar-Hill et al., 1995; Solaiman and Saito, 1997; Pfeffer et al., 1999; 
Bago et al., 2003; Bago et al., 2000). This implies that sugar may be 
transported via plasma membrane-localized transporters to the apoplast 
of cortical cells where it is taken up by the intraradical hyphae, or sugar 
is sent across the peri-arbuscular membrane for uptake by the arbuscule. 
Consistent with these speculations, a high affinity monosaccharide AM 
fungal transporter MST2 from Rhizophagus irregularis has been found to 
be most highly expressed in arbuscules, and this gene is essential for a 
successful symbiosis (Helber et al., 2011). However, currently no plant 
sugar transporter has been identified to be involved in sugar transport to 
the fungus.

In plants the main transporters involved in sugar efflux are members of 
the SWEET family (Sugar Will Eventually be Exported Transporter) (Chen 
et al., 2010; Chen, 2014; Eom et al., 2015). Other sugar transporters, 
such as sucrose and monosaccharide transporters, are in general 
functioning in sugar influx/uptake into plants cells (Chen et al., 2015). 
SWEET transporters are considered to function as sucrose or hexose 
uniporters, facilitating sugar transport from high to low concentration 
(Chen et al., 2010; Chen, 2014). Distinct SWEET members have been 
shown to be involved in different sugar-efflux related processes, such 
as sucrose loading into the phloem, pollen nutrition by the tapetum or 
nectar secretion (Chen et al., 2012; Chen, 2014; Lin et al., 2014b). 
Furthermore, several SWEET encoding genes are transcriptionally 
induced by biotrophic bacteria or fungi, which actively manipulate the 
accumulation of SWEET proteins to obtain carbon from the plant (Chen 
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been shown that high concentrations of phosphate repressed symbiotic 
gene expression, leading to an inhibition of colonization with a lag period 
of more than one week in established mycorrhizal roots (Breuillin et al., 
2010; Helber et al., 2011). Three days after increasing the phosphate 
concentration, a time point when arbuscule abundance and morphology 
were not affected, expression of MtSWEET1b as well as the symbiotic 
marker genes MtPT4 and MtBCP1 were significantly down-regulated (Fig. 
S4b). This indicates that transcriptional regulation of MtSWEET1b occurs 
in a phosphate concentration-dependent manner.

To further study the spatial expression pattern of MtSWEET1b, we fused 
the putative 1349 bp promoter region upstream of the MtSWEET1b start 
codon to the open reading frame of the β-glucoronidase (GUS) reporter. 
We introduced this promoter-GUS construct into roots of M. truncatula 
A17 by A. rhizogenes-mediated root transformation and assayed for GUS 
activity in transgenic roots inoculated with or without R. irregularis, at 
4 weeks post-inoculation (wpi). Analysis of semi-thin longitudinal root 
sections showed strong GUS signal present in arbuscule-containing cells 
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Figure 1. Analysis of the expression pattern of M. truncatula SWEET1b during 
AM symbiosis. (a) Relative expression level of MtSWEET1b in M. truncatula roots 
inoculated with AM fungi R. irregularis and non-inoculated controls measured by 
qRT-PCR. Mycorrhized and non-inoculated control roots were harvested at 6 wpi. 
MtEF1α was used as reference gene. SD obtained from three independent replicates. 
(b) Medicago hairy roots expressing MtSWEET1bpro:GUS show GUS activity in 
arbuscule-containing cells (arrow) and weak signal in the surrounding cortex cells, 
6 wpi with R. irregularis. Bar = 25 μm. (c) Non-mycorrhized MtSWEET1bpro:GUS 
expressing roots lack GUS signal in the cortex cells in the mature part of the root. 
Bar = 75 μm.
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(Fig. 1b, indicated by arrow) and weakly in the surrounding cortical cells 
(Fig. 1b). Additionally, GUS signal was also detected in the root tips of 
both inoculated and non-inoculated roots (Fig. S5a-b). No GUS signal 
was observed in cortical cells of non-mycorrhized roots (Fig. 1c).

These data suggest that MtSWEET1b is a good candidate gene for a role 
in sugar transport in arbuscule-containing cells.

MtSWEET1b localizes to the peri-arbuscular membrane

To determine the subcellular localization of MtSWEET1b, we made a 
translational fusion of MtSWEET1b with GFP driven by its own 1349-bp 
promoter, creating MtSWEET1b:MtSWEET1b-GFP for protein localization 
analysis in transgenic M. truncatula roots inoculated with R. irregularis. 
Confocal imaging showed that MtSWEET1b-GFP is specifically localized 
to the peri-arbuscular membrane surrounding both fine hyphal branches 
and the trunk of the arbuscule (Fig. 2a-e). This result suggests that 
MtSWEET1b is well positioned to transport sugars across the peri-
arbuscular membrane to the fungus.

(a) (c)

(d) (e)

(b)

Figure 2. MtSWEET1b-GFP is present on the peri-arbuscular membrane. 
(a-e) Confocal microscopy images of M. truncatula roots expressing 
MtSWEET1bpro:MtSWEET1b-GFP colonized with R. irregularis. (a-d) Different 
panels display the MtSWEET1b-GFP signal in a single cortical cell harboring a 
mature arbuscule. (a) GFP-fluorescence of MtSWEET1b-GFP can be observed on 
the peri-arbuscular membrane at fine branches (arrow). (b) Corresponding bright 
field image. (c) Corresponding overlay image of (a) and (b). (d) Corresponding 
overlay image of green channels (a) and red channels. Red fluorescence in the 
cytoplasm and nucleus was from the DsRed protein expressed from the A. thaliana 
Ubiquitin3 promoter. (e) A cortical cell harboring a developing arbuscule displays 
SWEET1b-GFP signal on the peri-arbuscular membrane at fine branches (arrow) 
as well as the trunk part (arrowhead). All bars = 10 μm.
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Abstract

Plants form a mutualistic symbiosis with arbuscular mycorrhizal (AM) 
fungi, which facilitates the acquisition of scarce minerals from the soil. 
In return, the host plants provide sugars and lipids to its fungal partner. 
However, the mechanism by which the AM fungi obtain sugars from the 
plant has remained elusive. In this study we investigated the role of 
potential SWEET family sugar exporters in AM symbiosis in Medicago 
truncatula. We show that M. truncatula SWEET1b transporter is strongly 
upregulated in arbuscule-containing cells compared to roots and localizes 
to the peri-arbuscular membrane, across which nutrient exchange takes 
place. Heterologous expression of MtSWEET1b in a yeast hexose transport 
mutant showed that it mainly transports glucose. Overexpression of 
MtSWEET1b in M. truncatula roots promoted the growth of intraradical 
mycelium during AM symbiosis. Surprisingly, two independent Mtsweet1b 
mutants, which are predicted to produce truncated protein variants 
impaired in glucose transport, exhibited no significant defects in AM 
symbiosis. However, arbuscule-specific overexpression of MtSWEET1bY57A/

G58D, which are considered to act in a dominant-negative manner, resulted 
in enhanced collapse of arbuscules. Taken together, our results reveal a 
(redundant) role for MtSWEET1b in the transport of glucose across the 
peri-arbuscular membrane to maintain arbuscules for a healthy mutually 
beneficial symbiosis.

Introduction

The vast majority of land plants engage in a mutualistic endosymbiosis 
with arbuscular mycorrhizal (AM) fungi to acquire mineral nutrients from 
soil, especially phosphorus and nitrogen (Smith and Smith, 2011). In 
return, host plants provide organic carbon to AM fungi for their survival 
and reproduction (Smith and Read, 2008). During the AM symbiosis, 
hyphae of AM fungi enter root inner cortical cells where they form highly 
branched hyphal structures, called arbuscules. The arbuscule is surrounded 
by a specialized host membrane, the peri-arbuscular membrane, which 
facilitates the exchange of nutrients (Gutjahr and Parniske, 2013). 
Recently it has been shown that fatty acids are transported from the host 
to the fungus, likely serving as a major nutritive carbon source (Jiang 
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MtSWEET1b is a glucose transporter

MtSWEET1b belongs to the AtSWEET1 clade (Fig. S1, see also Kryvoruchko 
et al., 2016). Arabidopsis AtSWEET1 has previously been identified as 
a glucose transporter that is mainly expressed in flowers (Chen et al., 
2010). Arabidopsis has only a single gene in this clade, while the AM-host 
plants M. truncatula, O. sativa, L. japonicus and S. tuberosum have at 
least two genes in this clade. In M. truncatula, only MtSWEET1b is strongly 
upregulated in arbuscule-containing cells compared to roots, while the 
other homolog (MtSWEET1a, Medtr1g029380) is mainly expressed in the 
flower, in analogy to AtSWEET1, based on the Medicago Gene Expression 
Atlas (Benedito et al., 2008). Also, in L. japonicus and S. tuberosum, it 
has been shown that one of the SWEET genes (Lj0g3v0035419.1 and 
StSWEET1b, respectively) of this clade is induced upon mycorrhization 
(Handa et al., 2015; Manck-Götzenberger and Requena, 2016; Sugimura 
and Saito, 2017).

The phylogenetic relation of MtSWEET1b to AtSWEET1 suggested that it 
may be a glucose transporter (Fig. S1). To determine the sugar transport 
ability and specificity of MtSWEET1b, we expressed MtSWEET1b in 
the hexose transport-deficient S. cerevisiae mutant EBY.VW4000. In 
this mutant yeast line all 20 endogenous sugar transporter genes are 
knocked-out by which it is unable to grow on hexoses or sucrose, but it 
can still grow on the disaccharide maltose (Wieczorke et al., 1999). The 
full-length MtSWEET1b cDNA was cloned into the yeast pPMA1 expression 
vector, and as a positive control AtSWEET1 cDNA was also cloned into the 
pPMA1 vector (Sauer and Stolz, 1994). After transformation into the EBY.
VW4000 yeast strain, we investigated its growth ability on selection plates 
containing D-glucose, D-fructose, D-mannose, D-galactose or D-sucrose, 
respectively. This showed that MtSWEET1b, like AtSWEET1, enables the 
yeast mutant EBY.VW4000 to grow well on glucose, but not fructose, 
mannose, galactose or sucrose (Fig. 3), indicating that MtSWEET1b can 
function as a glucose transporter.

Overexpression of MtSWEET1b promotes the growth of intraradical 
AM mycelium

Peri-arbuscular membrane specific localization of MtSWEET1b suggests 
that it may function at the peri-arbuscular membrane to transport sugar 
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(glucose) to AM fungi to fuel fungal growth. To test this speculation, we 
overexpressed MtSWEET1b using the arbuscule-specific MtPT4 promoter 
in M. truncatula hairy roots, and then measured AM colonization level 
in MtSWEET1b overexpression lines (OE-MtSWEET1b) and empty 
vector transformed lines (EV control) 5 wpi with R. irregularis. qRT-PCR 
confirmed that the expression level of MtSWEET1b was indeed significantly 
increased in OE-MtSWEET1b compared with EV controls (Fig. S6a). We 
found that, although the intensity of mycorrhization in infected roots 
(m%) (Fig. 4a) and arbuscule abundance (Fig. S6b-c) were not affected, 
the frequency (F%, p < 0.05) and intensity of mycorrhization (M%, p = 
0.1047) in the whole roots were increased or showed the tendency to be 
increased in OE-MtSWEET1b compared with EV control (Fig. 4a). In line 
with this, the expression level of R. irregularis housekeeping gene RiEF 
also showed ~50% higher expression in OE-MtSWEET1b roots compared 
with EV control roots (Fig. 4b). Similar results were obtained in a second 
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Figure 3. Complementation of the yeast hexose transport defective strain 
EBY.VW4000 by MtSWEET1b. The yeast hexose transport defective strain EBY.
VW4000 was transformed with the pPMA1 empty vector, pPMA1-AtSWEET1 and 
pPMA1-MtSWEET1b, respectively. The images show the growth of empty vector, 
MtSWEET1b or AtSWEET1 transformed EBY.VW4000 on SD media containing 
different sugars as sole carbon source at 30°C for 3 days. EBY.VW4000 can only 
grow on SD media containing maltose, but not on media containing other hexoses 
or sucrose. Empty vector and AtSWEET1 transformed yeast were used as negative 
and positive control, respectively. In each image, the yeast strain was diluted to an 
OD600 of 0.2 and then 1×, 5×, 25×, 125× diluted by sterile water. 
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et al., 2017; Luginbuehl et al., 2017; Keymer et al., 2017). However, 
previously it has been shown that the host also provides sugars as carbon 
source, although the mechanism by which sugars are transported to 
the fungus is unclear (Rich et al., 2017; Wang et al., 2017; Roth and 
Paszkowski, 2017). Therefore, in this study we investigated the role of 
SWEET sugar transporters. 

While it is clear that fatty acids are transported from the host to the 
AM fungus, several studies have indicated that hexoses, predominantly 
glucose, are also taken up by the fungus inside the root. For example, 
isotope-labelled sugars added to mycorrhized roots in combination with 
detailed nuclear magnetic resonance (NMR) spectroscopic analyses 
indicated that glucose is directly transferred from the host to the fungus 
(Shachar-Hill et al., 1995; Solaiman and Saito, 1997; Pfeffer et al., 1999; 
Bago et al., 2003; Bago et al., 2000). This implies that sugar may be 
transported via plasma membrane-localized transporters to the apoplast 
of cortical cells where it is taken up by the intraradical hyphae, or sugar 
is sent across the peri-arbuscular membrane for uptake by the arbuscule. 
Consistent with these speculations, a high affinity monosaccharide AM 
fungal transporter MST2 from Rhizophagus irregularis has been found to 
be most highly expressed in arbuscules, and this gene is essential for a 
successful symbiosis (Helber et al., 2011). However, currently no plant 
sugar transporter has been identified to be involved in sugar transport to 
the fungus.

In plants the main transporters involved in sugar efflux are members of 
the SWEET family (Sugar Will Eventually be Exported Transporter) (Chen 
et al., 2010; Chen, 2014; Eom et al., 2015). Other sugar transporters, 
such as sucrose and monosaccharide transporters, are in general 
functioning in sugar influx/uptake into plants cells (Chen et al., 2015). 
SWEET transporters are considered to function as sucrose or hexose 
uniporters, facilitating sugar transport from high to low concentration 
(Chen et al., 2010; Chen, 2014). Distinct SWEET members have been 
shown to be involved in different sugar-efflux related processes, such 
as sucrose loading into the phloem, pollen nutrition by the tapetum or 
nectar secretion (Chen et al., 2012; Chen, 2014; Lin et al., 2014b). 
Furthermore, several SWEET encoding genes are transcriptionally 
induced by biotrophic bacteria or fungi, which actively manipulate the 
accumulation of SWEET proteins to obtain carbon from the plant (Chen 
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MtSWEET1b is a glucose transporter

MtSWEET1b belongs to the AtSWEET1 clade (Fig. S1, see also Kryvoruchko 
et al., 2016). Arabidopsis AtSWEET1 has previously been identified as 
a glucose transporter that is mainly expressed in flowers (Chen et al., 
2010). Arabidopsis has only a single gene in this clade, while the AM-host 
plants M. truncatula, O. sativa, L. japonicus and S. tuberosum have at 
least two genes in this clade. In M. truncatula, only MtSWEET1b is strongly 
upregulated in arbuscule-containing cells compared to roots, while the 
other homolog (MtSWEET1a, Medtr1g029380) is mainly expressed in the 
flower, in analogy to AtSWEET1, based on the Medicago Gene Expression 
Atlas (Benedito et al., 2008). Also, in L. japonicus and S. tuberosum, it 
has been shown that one of the SWEET genes (Lj0g3v0035419.1 and 
StSWEET1b, respectively) of this clade is induced upon mycorrhization 
(Handa et al., 2015; Manck-Götzenberger and Requena, 2016; Sugimura 
and Saito, 2017).

The phylogenetic relation of MtSWEET1b to AtSWEET1 suggested that it 
may be a glucose transporter (Fig. S1). To determine the sugar transport 
ability and specificity of MtSWEET1b, we expressed MtSWEET1b in 
the hexose transport-deficient S. cerevisiae mutant EBY.VW4000. In 
this mutant yeast line all 20 endogenous sugar transporter genes are 
knocked-out by which it is unable to grow on hexoses or sucrose, but it 
can still grow on the disaccharide maltose (Wieczorke et al., 1999). The 
full-length MtSWEET1b cDNA was cloned into the yeast pPMA1 expression 
vector, and as a positive control AtSWEET1 cDNA was also cloned into the 
pPMA1 vector (Sauer and Stolz, 1994). After transformation into the EBY.
VW4000 yeast strain, we investigated its growth ability on selection plates 
containing D-glucose, D-fructose, D-mannose, D-galactose or D-sucrose, 
respectively. This showed that MtSWEET1b, like AtSWEET1, enables the 
yeast mutant EBY.VW4000 to grow well on glucose, but not fructose, 
mannose, galactose or sucrose (Fig. 3), indicating that MtSWEET1b can 
function as a glucose transporter.

Overexpression of MtSWEET1b promotes the growth of intraradical 
AM mycelium

Peri-arbuscular membrane specific localization of MtSWEET1b suggests 
that it may function at the peri-arbuscular membrane to transport sugar 
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(glucose) to AM fungi to fuel fungal growth. To test this speculation, we 
overexpressed MtSWEET1b using the arbuscule-specific MtPT4 promoter 
in M. truncatula hairy roots, and then measured AM colonization level 
in MtSWEET1b overexpression lines (OE-MtSWEET1b) and empty 
vector transformed lines (EV control) 5 wpi with R. irregularis. qRT-PCR 
confirmed that the expression level of MtSWEET1b was indeed significantly 
increased in OE-MtSWEET1b compared with EV controls (Fig. S6a). We 
found that, although the intensity of mycorrhization in infected roots 
(m%) (Fig. 4a) and arbuscule abundance (Fig. S6b-c) were not affected, 
the frequency (F%, p < 0.05) and intensity of mycorrhization (M%, p = 
0.1047) in the whole roots were increased or showed the tendency to be 
increased in OE-MtSWEET1b compared with EV control (Fig. 4a). In line 
with this, the expression level of R. irregularis housekeeping gene RiEF 
also showed ~50% higher expression in OE-MtSWEET1b roots compared 
with EV control roots (Fig. 4b). Similar results were obtained in a second 
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Figure 3. Complementation of the yeast hexose transport defective strain 
EBY.VW4000 by MtSWEET1b. The yeast hexose transport defective strain EBY.
VW4000 was transformed with the pPMA1 empty vector, pPMA1-AtSWEET1 and 
pPMA1-MtSWEET1b, respectively. The images show the growth of empty vector, 
MtSWEET1b or AtSWEET1 transformed EBY.VW4000 on SD media containing 
different sugars as sole carbon source at 30°C for 3 days. EBY.VW4000 can only 
grow on SD media containing maltose, but not on media containing other hexoses 
or sucrose. Empty vector and AtSWEET1 transformed yeast were used as negative 
and positive control, respectively. In each image, the yeast strain was diluted to an 
OD600 of 0.2 and then 1×, 5×, 25×, 125× diluted by sterile water. 
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Abstract

Plants form a mutualistic symbiosis with arbuscular mycorrhizal (AM) 
fungi, which facilitates the acquisition of scarce minerals from the soil. 
In return, the host plants provide sugars and lipids to its fungal partner. 
However, the mechanism by which the AM fungi obtain sugars from the 
plant has remained elusive. In this study we investigated the role of 
potential SWEET family sugar exporters in AM symbiosis in Medicago 
truncatula. We show that M. truncatula SWEET1b transporter is strongly 
upregulated in arbuscule-containing cells compared to roots and localizes 
to the peri-arbuscular membrane, across which nutrient exchange takes 
place. Heterologous expression of MtSWEET1b in a yeast hexose transport 
mutant showed that it mainly transports glucose. Overexpression of 
MtSWEET1b in M. truncatula roots promoted the growth of intraradical 
mycelium during AM symbiosis. Surprisingly, two independent Mtsweet1b 
mutants, which are predicted to produce truncated protein variants 
impaired in glucose transport, exhibited no significant defects in AM 
symbiosis. However, arbuscule-specific overexpression of MtSWEET1bY57A/

G58D, which are considered to act in a dominant-negative manner, resulted 
in enhanced collapse of arbuscules. Taken together, our results reveal a 
(redundant) role for MtSWEET1b in the transport of glucose across the 
peri-arbuscular membrane to maintain arbuscules for a healthy mutually 
beneficial symbiosis.

Introduction

The vast majority of land plants engage in a mutualistic endosymbiosis 
with arbuscular mycorrhizal (AM) fungi to acquire mineral nutrients from 
soil, especially phosphorus and nitrogen (Smith and Smith, 2011). In 
return, host plants provide organic carbon to AM fungi for their survival 
and reproduction (Smith and Read, 2008). During the AM symbiosis, 
hyphae of AM fungi enter root inner cortical cells where they form highly 
branched hyphal structures, called arbuscules. The arbuscule is surrounded 
by a specialized host membrane, the peri-arbuscular membrane, which 
facilitates the exchange of nutrients (Gutjahr and Parniske, 2013). 
Recently it has been shown that fatty acids are transported from the host 
to the fungus, likely serving as a major nutritive carbon source (Jiang 
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independent replicate experiment (Fig. S7). These results indicate that 
MtSWEET1b can enhance the intraradical growth of AM fungi during the 
symbiosis.

Glucose transport activity of MtSWEET1b seems dispensable for 
mycorrhization

To further identify the function of MtSWEET1b in AM symbiosis, we 
isolated two Tnt1-transposon insertion lines, NF1309 (named sweet1b-1) 
and NF3539 (named sweet1b-2), from the M. truncatula Tnt1 collection 
using a nested-PCR approach (Tadege et al., 2008). The sweet1b-1 
and sweet1b-2 mutants contain a Tnt1 insertion in exon 3 and exon 
4, respectively (Fig. 5a). Homozygous sweet1b-1 and sweet1b-2 lines 
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Figure 4. Overexpression of MtSWEET1b increased mycorrhization levels in 
M. truncatula roots.
(a) Quantification of mycorrhization level in M. truncatula roots expressing 
MtPT4pro:MtSWEET1b (n = 6) and empty vector as control (n = 6) 5 wpi with 
R. irregularis. The parameters are according to Trouvelot et al. (1986): F%, the 
frequency of analyzed root fragments that are mycorrhized; M%, the intensity 
of infection in the whole roots; m%, the intensity of infection in mycorrhized root 
fragments. EV, empty vector lines. OE-MtSWEET1b, overexpression MtSWEET1b 
lines. Data are represented as the mean ±SD of six biological replicates. * P < 0.05, 
Student’s t-test. (b) qRT-PCR measurement of the expression level of RiEF in M. 
truncatula roots expressing MtPT4pro:MtSWEET1b (n = 6) and empty vector as 
control (n = 6) at 5 wpi with R. irregularis. EV, empty vector lines. OE, overexpression 
MtSWEET1b lines. MtEF1α was used as reference gene. Data are represented as 
the mean ±SD of six biological replicates. * P < 0.05, Student’s t-test.
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were identified, and monitored for mycorrhization levels using the 
objective intersect method (McGONIGLE et al., 1990). Unexpectedly, at 
6 wpi the insertion lines (sweet1b-1 and sweet1b-2) did not show any 
difference in mycorrhizal colonization levels as compared with the wild-
type plants (Fig. 5b). Because MtSWEET1b expression is upregulated in 
arbuscule-containing cells, we further investigated arbuscule morphology 
by classifying the arbuscules into good/mature arbuscules (Fig. 6a, two 
left panels) and degenerating/collapsed arbuscules (Fig. 6a, two right 
panels). However, no difference in the abundance of these classes was 
observed (Fig. 5c).
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Figure 5. Two independent Mtsweet1b Tnt1 insertion mutants do not show 
defects in mycorrhization. (a) The gene structure of MtSWEET1b and the Tnt1 
transposon insertion positions of two independent mutants. The gray boxes indicate 
6 exons. In NF1309 (sweet1b-1) and NF3539 (sweet1b-2), the Tnt1 insertion is 
located in exon 3 and exon 4, respectively. (b) Level of root length colonization of 
the two mutants and wild type R108 5 wpi with R. irregularis. No difference was 
detected in root length colonization between control (n = 5) and sweet1b-1 (n = 
9, P = 0.2402) or sweet1b-2 (n = 8, P = 0.1065) using Student’s t-test. (c) Good/
mature and degenerating/degenerated arbuscule abundance in wild type R108 (WT 
R108, n = 5) and two independent mutants 5 wpi with R. irregularis. No difference 
was observed in arbuscule abundance between control (n = 5) and sweet1b-1 (n = 
8, Good arbuscule P = 0.1837; Degenerating arbuscule P = 0.2812) or sweet1b-2 
(n = 8, Good arbuscule P = 0.4622; Degenerating arbuscule P = 0.7810) based on 
Student’s t-test. Error bars indicate SD.
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et al., 2017; Luginbuehl et al., 2017; Keymer et al., 2017). However, 
previously it has been shown that the host also provides sugars as carbon 
source, although the mechanism by which sugars are transported to 
the fungus is unclear (Rich et al., 2017; Wang et al., 2017; Roth and 
Paszkowski, 2017). Therefore, in this study we investigated the role of 
SWEET sugar transporters. 

While it is clear that fatty acids are transported from the host to the 
AM fungus, several studies have indicated that hexoses, predominantly 
glucose, are also taken up by the fungus inside the root. For example, 
isotope-labelled sugars added to mycorrhized roots in combination with 
detailed nuclear magnetic resonance (NMR) spectroscopic analyses 
indicated that glucose is directly transferred from the host to the fungus 
(Shachar-Hill et al., 1995; Solaiman and Saito, 1997; Pfeffer et al., 1999; 
Bago et al., 2003; Bago et al., 2000). This implies that sugar may be 
transported via plasma membrane-localized transporters to the apoplast 
of cortical cells where it is taken up by the intraradical hyphae, or sugar 
is sent across the peri-arbuscular membrane for uptake by the arbuscule. 
Consistent with these speculations, a high affinity monosaccharide AM 
fungal transporter MST2 from Rhizophagus irregularis has been found to 
be most highly expressed in arbuscules, and this gene is essential for a 
successful symbiosis (Helber et al., 2011). However, currently no plant 
sugar transporter has been identified to be involved in sugar transport to 
the fungus.

In plants the main transporters involved in sugar efflux are members of 
the SWEET family (Sugar Will Eventually be Exported Transporter) (Chen 
et al., 2010; Chen, 2014; Eom et al., 2015). Other sugar transporters, 
such as sucrose and monosaccharide transporters, are in general 
functioning in sugar influx/uptake into plants cells (Chen et al., 2015). 
SWEET transporters are considered to function as sucrose or hexose 
uniporters, facilitating sugar transport from high to low concentration 
(Chen et al., 2010; Chen, 2014). Distinct SWEET members have been 
shown to be involved in different sugar-efflux related processes, such 
as sucrose loading into the phloem, pollen nutrition by the tapetum or 
nectar secretion (Chen et al., 2012; Chen, 2014; Lin et al., 2014b). 
Furthermore, several SWEET encoding genes are transcriptionally 
induced by biotrophic bacteria or fungi, which actively manipulate the 
accumulation of SWEET proteins to obtain carbon from the plant (Chen 
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independent replicate experiment (Fig. S7). These results indicate that 
MtSWEET1b can enhance the intraradical growth of AM fungi during the 
symbiosis.

Glucose transport activity of MtSWEET1b seems dispensable for 
mycorrhization

To further identify the function of MtSWEET1b in AM symbiosis, we 
isolated two Tnt1-transposon insertion lines, NF1309 (named sweet1b-1) 
and NF3539 (named sweet1b-2), from the M. truncatula Tnt1 collection 
using a nested-PCR approach (Tadege et al., 2008). The sweet1b-1 
and sweet1b-2 mutants contain a Tnt1 insertion in exon 3 and exon 
4, respectively (Fig. 5a). Homozygous sweet1b-1 and sweet1b-2 lines 
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Figure 4. Overexpression of MtSWEET1b increased mycorrhization levels in 
M. truncatula roots.
(a) Quantification of mycorrhization level in M. truncatula roots expressing 
MtPT4pro:MtSWEET1b (n = 6) and empty vector as control (n = 6) 5 wpi with 
R. irregularis. The parameters are according to Trouvelot et al. (1986): F%, the 
frequency of analyzed root fragments that are mycorrhized; M%, the intensity 
of infection in the whole roots; m%, the intensity of infection in mycorrhized root 
fragments. EV, empty vector lines. OE-MtSWEET1b, overexpression MtSWEET1b 
lines. Data are represented as the mean ±SD of six biological replicates. * P < 0.05, 
Student’s t-test. (b) qRT-PCR measurement of the expression level of RiEF in M. 
truncatula roots expressing MtPT4pro:MtSWEET1b (n = 6) and empty vector as 
control (n = 6) at 5 wpi with R. irregularis. EV, empty vector lines. OE, overexpression 
MtSWEET1b lines. MtEF1α was used as reference gene. Data are represented as 
the mean ±SD of six biological replicates. * P < 0.05, Student’s t-test.
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were identified, and monitored for mycorrhization levels using the 
objective intersect method (McGONIGLE et al., 1990). Unexpectedly, at 
6 wpi the insertion lines (sweet1b-1 and sweet1b-2) did not show any 
difference in mycorrhizal colonization levels as compared with the wild-
type plants (Fig. 5b). Because MtSWEET1b expression is upregulated in 
arbuscule-containing cells, we further investigated arbuscule morphology 
by classifying the arbuscules into good/mature arbuscules (Fig. 6a, two 
left panels) and degenerating/collapsed arbuscules (Fig. 6a, two right 
panels). However, no difference in the abundance of these classes was 
observed (Fig. 5c).
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Figure 5. Two independent Mtsweet1b Tnt1 insertion mutants do not show 
defects in mycorrhization. (a) The gene structure of MtSWEET1b and the Tnt1 
transposon insertion positions of two independent mutants. The gray boxes indicate 
6 exons. In NF1309 (sweet1b-1) and NF3539 (sweet1b-2), the Tnt1 insertion is 
located in exon 3 and exon 4, respectively. (b) Level of root length colonization of 
the two mutants and wild type R108 5 wpi with R. irregularis. No difference was 
detected in root length colonization between control (n = 5) and sweet1b-1 (n = 
9, P = 0.2402) or sweet1b-2 (n = 8, P = 0.1065) using Student’s t-test. (c) Good/
mature and degenerating/degenerated arbuscule abundance in wild type R108 (WT 
R108, n = 5) and two independent mutants 5 wpi with R. irregularis. No difference 
was observed in arbuscule abundance between control (n = 5) and sweet1b-1 (n = 
8, Good arbuscule P = 0.1837; Degenerating arbuscule P = 0.2812) or sweet1b-2 
(n = 8, Good arbuscule P = 0.4622; Degenerating arbuscule P = 0.7810) based on 
Student’s t-test. Error bars indicate SD.
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Abstract

Plants form a mutualistic symbiosis with arbuscular mycorrhizal (AM) 
fungi, which facilitates the acquisition of scarce minerals from the soil. 
In return, the host plants provide sugars and lipids to its fungal partner. 
However, the mechanism by which the AM fungi obtain sugars from the 
plant has remained elusive. In this study we investigated the role of 
potential SWEET family sugar exporters in AM symbiosis in Medicago 
truncatula. We show that M. truncatula SWEET1b transporter is strongly 
upregulated in arbuscule-containing cells compared to roots and localizes 
to the peri-arbuscular membrane, across which nutrient exchange takes 
place. Heterologous expression of MtSWEET1b in a yeast hexose transport 
mutant showed that it mainly transports glucose. Overexpression of 
MtSWEET1b in M. truncatula roots promoted the growth of intraradical 
mycelium during AM symbiosis. Surprisingly, two independent Mtsweet1b 
mutants, which are predicted to produce truncated protein variants 
impaired in glucose transport, exhibited no significant defects in AM 
symbiosis. However, arbuscule-specific overexpression of MtSWEET1bY57A/

G58D, which are considered to act in a dominant-negative manner, resulted 
in enhanced collapse of arbuscules. Taken together, our results reveal a 
(redundant) role for MtSWEET1b in the transport of glucose across the 
peri-arbuscular membrane to maintain arbuscules for a healthy mutually 
beneficial symbiosis.

Introduction

The vast majority of land plants engage in a mutualistic endosymbiosis 
with arbuscular mycorrhizal (AM) fungi to acquire mineral nutrients from 
soil, especially phosphorus and nitrogen (Smith and Smith, 2011). In 
return, host plants provide organic carbon to AM fungi for their survival 
and reproduction (Smith and Read, 2008). During the AM symbiosis, 
hyphae of AM fungi enter root inner cortical cells where they form highly 
branched hyphal structures, called arbuscules. The arbuscule is surrounded 
by a specialized host membrane, the peri-arbuscular membrane, which 
facilitates the exchange of nutrients (Gutjahr and Parniske, 2013). 
Recently it has been shown that fatty acids are transported from the host 
to the fungus, likely serving as a major nutritive carbon source (Jiang 
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Figure 6. Overexpression of dominant-negative MtSWEET1bY57A/G58D 
versions in arbuscule-containing cells impairs arbuscule maintenance. (a) 
Representative confocal images and schematic drawings of WGA-Alexa Fluor 
488 stained arbuscule morphology classes: developing arbuscule, bar = 8 μm; 
mature arbuscule, bar = 25 μm; degenerating arbuscule, bar = 8 μm; collapsed 
arbuscule, bar = 5 μm. (b) Mycorrhizal colonization level in dominant-negative lines 
and empty vector control. Data are averages from biological replicates, n (empty 
vector) = 4; n (dominant negative Y57A-MtSWEET1b) = 7; n (dominant negative 
G58D-MtSWEET1b) = 7. F%, the frequency of analyzed root fragments that are 
mycorrhized; M%, the intensity of infection in the whole roots; m%, the intensity of 
infection in mycorrhized root fragments. White bars = empty vector control roots, grey 
bars = MtPT4pro:Y57A-MtSWEET1b, black bars = MtPT4pro:G58D-MtSWEET1b. 

continued on next page 

141

5

A SWEET transporter implicated in AM symbiosis

To examine the effect of the insertions on the MtSWEET1b transcript level, 
we performed RT-PCR analysis on RNA from the roots of mycorrhized 
insertion lines. We found that truncated transcripts of MtSWEET1b could 
still be detected in both mutants. Sequencing of the truncated cDNA 
fragments showed in frame deletions of respectively 96 bp and 132 bp 
in sweet1b-1 and sweet1b-2 (Fig. S8a), likely resulting from alternative 
splice events skipping the Tnt1 retrotransposon. Similar cases of splicing 
have been reported in other M. truncatula Tnt1-insertion mutants 
(Krajinski et al., 2014; Kryvoruchko et al., 2016). As a result, a truncated 
MtSWEET1b protein lacking the second transmembrane region (32 amino 
acids, 25-57) can still be produced in sweet1b-1, while a truncated 
protein lacking two transmembrane helices (44 amino acids, 106-149) 
can be produced in sweet1b-2 (Fig. S8b). This is expected to completely 
disrupt the transport activity of the truncated SWEET proteins.

To rule out that the truncated SWEET1b proteins may still have glucose 
transport ability, we expressed the truncated mtsweet1b-2 allele in 
the yeast EBY.VW4000 strain. In contrast to wild-type MtSWEET1b, 
mtsweet1b-2 was unable to allow the growth of the transformed yeast 
strain on glucose-containing medium (Fig. S9). The result suggests that 
the truncated MtSWEET1b protein is indeed no longer able to transport 
glucose.

To detect whether other glucose transporters would be upregulated at 
the transcript level to compensate for the loss of MtSWEET1b activity in 

(c) Good/mature (m) and degenerating/collapsed arbuscule abundance in 
mycorrhized roots. ma, Good/mature arbuscule abundance in mycorrhized 
root fragments; mA, Good/mature arbuscule abundance in the entire root; da, 
degeneration/dead arbuscule abundance in mycorrhized root fragments; dA, 
degeneration/dead arbuscule abundance in the entire root. Data are averages from 
biological replicates, n (empty vector) = 4; n (dominant negative Y57A-MtSWEET1b) 
= 7; n (dominant negative G58D-MtSWEET1b) = 7. ** P < 0.01; * P < 0.05, 
Student’s t-test. (d) qRT-PCR measurement of expression level of mutant versions 
of MtSWEET1b, detecting both wild-type MtSWEET1b and the transgene mutated 
MtSWEET1b transcripts in empty vector control lines and dominant-negative lines. 
(e) Relative expression level of wild-type MtSWEET1b in empty control lines and 
dominant-negative lines. (f) Relative expression level of MtPT4 in empty vector 
control lines and dominant-negative lines. (d-f), n (empty vector) = 4; n (dominant 
negative Y57A-MtSWEET1b) = 6; n (dominant negative G58D-MtSWEET1b) = 6. ** 
P < 0.01; * P < 0.05, Student’s t-test. MtEF1α was used as reference gene.
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et al., 2017; Luginbuehl et al., 2017; Keymer et al., 2017). However, 
previously it has been shown that the host also provides sugars as carbon 
source, although the mechanism by which sugars are transported to 
the fungus is unclear (Rich et al., 2017; Wang et al., 2017; Roth and 
Paszkowski, 2017). Therefore, in this study we investigated the role of 
SWEET sugar transporters. 

While it is clear that fatty acids are transported from the host to the 
AM fungus, several studies have indicated that hexoses, predominantly 
glucose, are also taken up by the fungus inside the root. For example, 
isotope-labelled sugars added to mycorrhized roots in combination with 
detailed nuclear magnetic resonance (NMR) spectroscopic analyses 
indicated that glucose is directly transferred from the host to the fungus 
(Shachar-Hill et al., 1995; Solaiman and Saito, 1997; Pfeffer et al., 1999; 
Bago et al., 2003; Bago et al., 2000). This implies that sugar may be 
transported via plasma membrane-localized transporters to the apoplast 
of cortical cells where it is taken up by the intraradical hyphae, or sugar 
is sent across the peri-arbuscular membrane for uptake by the arbuscule. 
Consistent with these speculations, a high affinity monosaccharide AM 
fungal transporter MST2 from Rhizophagus irregularis has been found to 
be most highly expressed in arbuscules, and this gene is essential for a 
successful symbiosis (Helber et al., 2011). However, currently no plant 
sugar transporter has been identified to be involved in sugar transport to 
the fungus.

In plants the main transporters involved in sugar efflux are members of 
the SWEET family (Sugar Will Eventually be Exported Transporter) (Chen 
et al., 2010; Chen, 2014; Eom et al., 2015). Other sugar transporters, 
such as sucrose and monosaccharide transporters, are in general 
functioning in sugar influx/uptake into plants cells (Chen et al., 2015). 
SWEET transporters are considered to function as sucrose or hexose 
uniporters, facilitating sugar transport from high to low concentration 
(Chen et al., 2010; Chen, 2014). Distinct SWEET members have been 
shown to be involved in different sugar-efflux related processes, such 
as sucrose loading into the phloem, pollen nutrition by the tapetum or 
nectar secretion (Chen et al., 2012; Chen, 2014; Lin et al., 2014b). 
Furthermore, several SWEET encoding genes are transcriptionally 
induced by biotrophic bacteria or fungi, which actively manipulate the 
accumulation of SWEET proteins to obtain carbon from the plant (Chen 

140

CHAPTER 5

5

Good/mature arbuscule (ma, mA) Distorted arbuscule (da, dA)

C
ol

on
iz

at
io

n 
le

ve
l (

%
)

A
rb

us
cu

le
 a

bu
nd

an
ce

 (%
)

*

*

**

*

**

SNP-MtSWEET1b   
and MtSWEET1b

MtSWEET1b MtPT4

**
**

*
*

Empty vector
pPT4:Y57A-MtSWEET1b
pPT4:G58D-MtSWEET1b

Empty vector
pPT4:Y57A-MtSWEET1b
pPT4:G58D-MtSWEET1b

*

Empty vector

pPT4:Y57A-MtSWEET1b

pPT4:G58D-MtSWEET1b

Empty vector

pPT4:Y57A-MtSWEET1b

pPT4:G58D-MtSWEET1b

Empty vector

pPT4:Y57A-MtSWEET1b

pPT4:G58D-MtSWEET1b

(a)

Developing Mature Degenerating Collapsed

(b) (c)

(d)

R
el

at
iv

e 
ex

pr
es

si
on

 le
ve

l

R
el

at
iv

e 
ex

pr
es

si
on

 le
ve

l

R
el

at
iv

e 
ex

pr
es

si
on

 le
ve

l

(e) (f)

**

Figure 6. Overexpression of dominant-negative MtSWEET1bY57A/G58D 
versions in arbuscule-containing cells impairs arbuscule maintenance. (a) 
Representative confocal images and schematic drawings of WGA-Alexa Fluor 
488 stained arbuscule morphology classes: developing arbuscule, bar = 8 μm; 
mature arbuscule, bar = 25 μm; degenerating arbuscule, bar = 8 μm; collapsed 
arbuscule, bar = 5 μm. (b) Mycorrhizal colonization level in dominant-negative lines 
and empty vector control. Data are averages from biological replicates, n (empty 
vector) = 4; n (dominant negative Y57A-MtSWEET1b) = 7; n (dominant negative 
G58D-MtSWEET1b) = 7. F%, the frequency of analyzed root fragments that are 
mycorrhized; M%, the intensity of infection in the whole roots; m%, the intensity of 
infection in mycorrhized root fragments. White bars = empty vector control roots, grey 
bars = MtPT4pro:Y57A-MtSWEET1b, black bars = MtPT4pro:G58D-MtSWEET1b. 
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To examine the effect of the insertions on the MtSWEET1b transcript level, 
we performed RT-PCR analysis on RNA from the roots of mycorrhized 
insertion lines. We found that truncated transcripts of MtSWEET1b could 
still be detected in both mutants. Sequencing of the truncated cDNA 
fragments showed in frame deletions of respectively 96 bp and 132 bp 
in sweet1b-1 and sweet1b-2 (Fig. S8a), likely resulting from alternative 
splice events skipping the Tnt1 retrotransposon. Similar cases of splicing 
have been reported in other M. truncatula Tnt1-insertion mutants 
(Krajinski et al., 2014; Kryvoruchko et al., 2016). As a result, a truncated 
MtSWEET1b protein lacking the second transmembrane region (32 amino 
acids, 25-57) can still be produced in sweet1b-1, while a truncated 
protein lacking two transmembrane helices (44 amino acids, 106-149) 
can be produced in sweet1b-2 (Fig. S8b). This is expected to completely 
disrupt the transport activity of the truncated SWEET proteins.

To rule out that the truncated SWEET1b proteins may still have glucose 
transport ability, we expressed the truncated mtsweet1b-2 allele in 
the yeast EBY.VW4000 strain. In contrast to wild-type MtSWEET1b, 
mtsweet1b-2 was unable to allow the growth of the transformed yeast 
strain on glucose-containing medium (Fig. S9). The result suggests that 
the truncated MtSWEET1b protein is indeed no longer able to transport 
glucose.

To detect whether other glucose transporters would be upregulated at 
the transcript level to compensate for the loss of MtSWEET1b activity in 

(c) Good/mature (m) and degenerating/collapsed arbuscule abundance in 
mycorrhized roots. ma, Good/mature arbuscule abundance in mycorrhized 
root fragments; mA, Good/mature arbuscule abundance in the entire root; da, 
degeneration/dead arbuscule abundance in mycorrhized root fragments; dA, 
degeneration/dead arbuscule abundance in the entire root. Data are averages from 
biological replicates, n (empty vector) = 4; n (dominant negative Y57A-MtSWEET1b) 
= 7; n (dominant negative G58D-MtSWEET1b) = 7. ** P < 0.01; * P < 0.05, 
Student’s t-test. (d) qRT-PCR measurement of expression level of mutant versions 
of MtSWEET1b, detecting both wild-type MtSWEET1b and the transgene mutated 
MtSWEET1b transcripts in empty vector control lines and dominant-negative lines. 
(e) Relative expression level of wild-type MtSWEET1b in empty control lines and 
dominant-negative lines. (f) Relative expression level of MtPT4 in empty vector 
control lines and dominant-negative lines. (d-f), n (empty vector) = 4; n (dominant 
negative Y57A-MtSWEET1b) = 6; n (dominant negative G58D-MtSWEET1b) = 6. ** 
P < 0.01; * P < 0.05, Student’s t-test. MtEF1α was used as reference gene.
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Abstract

Plants form a mutualistic symbiosis with arbuscular mycorrhizal (AM) 
fungi, which facilitates the acquisition of scarce minerals from the soil. 
In return, the host plants provide sugars and lipids to its fungal partner. 
However, the mechanism by which the AM fungi obtain sugars from the 
plant has remained elusive. In this study we investigated the role of 
potential SWEET family sugar exporters in AM symbiosis in Medicago 
truncatula. We show that M. truncatula SWEET1b transporter is strongly 
upregulated in arbuscule-containing cells compared to roots and localizes 
to the peri-arbuscular membrane, across which nutrient exchange takes 
place. Heterologous expression of MtSWEET1b in a yeast hexose transport 
mutant showed that it mainly transports glucose. Overexpression of 
MtSWEET1b in M. truncatula roots promoted the growth of intraradical 
mycelium during AM symbiosis. Surprisingly, two independent Mtsweet1b 
mutants, which are predicted to produce truncated protein variants 
impaired in glucose transport, exhibited no significant defects in AM 
symbiosis. However, arbuscule-specific overexpression of MtSWEET1bY57A/

G58D, which are considered to act in a dominant-negative manner, resulted 
in enhanced collapse of arbuscules. Taken together, our results reveal a 
(redundant) role for MtSWEET1b in the transport of glucose across the 
peri-arbuscular membrane to maintain arbuscules for a healthy mutually 
beneficial symbiosis.

Introduction

The vast majority of land plants engage in a mutualistic endosymbiosis 
with arbuscular mycorrhizal (AM) fungi to acquire mineral nutrients from 
soil, especially phosphorus and nitrogen (Smith and Smith, 2011). In 
return, host plants provide organic carbon to AM fungi for their survival 
and reproduction (Smith and Read, 2008). During the AM symbiosis, 
hyphae of AM fungi enter root inner cortical cells where they form highly 
branched hyphal structures, called arbuscules. The arbuscule is surrounded 
by a specialized host membrane, the peri-arbuscular membrane, which 
facilitates the exchange of nutrients (Gutjahr and Parniske, 2013). 
Recently it has been shown that fatty acids are transported from the host 
to the fungus, likely serving as a major nutritive carbon source (Jiang 
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sweet1b mutants, we detected the expression of all other SWEET genes in 
sweet1b-1 mutants and wild type R108 by qRT-PCR. Our results showed 
that none of the other SWEET gene was significantly up-regulated in 
the sweet1b-1 mutant compared to the wild-type control (Fig. S10). 
Although a potential slight compensation at the expression level might 
have gone undetected in the whole (mycorrhized) root samples, a lack 
of transcriptional compensation was also reported for MtSWEET11, which 
is highly expressed in root nodules but for which Tnt1 mutants similarly 
failed to reveal a symbiotic phenotype (Kryvoruchko et al., 2016). 
Furthermore, it should be noted that we cannot rule out a potential 
compensation at the protein level.

Expression of dominant-negative MtSWEET1b alleles impairs the 
maintenance of arbuscules

Previous studies revealed that SWEET transporters function in multimers 
(Xuan et al., 2013; Tao et al., 2015). Two amino acids (Y57 and G58) 
were reported to be essential for the AtSWEET1 glucose transport activity 
in Arabidopsis and these mutant forms were shown to act in a dominant-
negative manner when overexpressed (Xuan et al., 2013). Both the amino 
acids are conserved between MtSWEET1b and AtSWEET1 (Fig. S11). To 
determine whether the two residues are important for glucose transport 
in MtSWEET1b, we constructed MtSWEET1b mutants carrying either the 
Y57A or G58D substitution. Introduction of these mutant versions into 
EBY.VW4000 did not allow yeast growth on media containing glucose 
as the sole carbon source (Fig. S12), indicating that these two protein 
variants indeed lost their ability to transport glucose.

We then expressed GFP-tagged versions of MtSWEET1bY57A and 
MtSWEET1bG58D from the strong arbuscule-specific MtPT4 promoter 
to study their subcellular localization. After transformation into M. 
truncatula roots, the composite plants were inoculated with the R. 
irregularis and analyzed by confocal microscopy. Both the MtSWEET1bY57A 
and MtSWEET1bG58D GFP fusion proteins could be detected on the peri-
arbuscular membrane, similar to that of wild type MtSWEET1b-GFP (Fig. 
S13).

Next, we specifically overexpressed non-tagged MtSWEET1bY57A and 
MtSWEET1bG58D in arbuscule-containing cells using the MtPT4 promoter 
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and quantified mycorrhization levels compared to EV control roots at 
6 wpi. Higher expression levels of MtSWEET1bY57A and MtSWEET1bG58D 
were detected in the relevant transgenic lines compared to that of 
the wild-type gene in the EV control line (Fig. 6d). Both the frequency 
and intensity of mycorrhization and number of arbuscules were not 
significantly affected in these transgenic lines in comparison with the EV 
control (Fig. 6b). To assess whether the morphology of arbuscules was 
affected due to overexpression of the two dominant-negative alleles, we 
again classified arbuscules into good/mature arbuscules (Fig. 6a left two 
panels) and degenerating/collapsed arbuscules (Fig. 6a right two panels). 
Interestingly, we observed a clear difference in arbuscule morphology 
between the transgenic lines and the EV control: there were significantly 
more degenerating/collapsed arbuscules (da%) and fewer healthy mature 
arbuscules (ma%) in the transgenic lines expressing either of the dominant 
negative alleles when compared with the EV control (Fig. 6c). Similar 
results were obtained in a second independent experiment (Fig. S14). 
In line with the microscopic quantification, transgenic roots with a lower 
frequency of healthy mature arbuscules also showed lower expression 
levels of MtPT4 (Fig. 6f) and the wild type MtSWEET1b (Fig. 6e). These 
results suggest that MtSWEET1b can form oligomers with itself and other 
SWEET proteins to provide glucose required for arbuscules maintenance. 
However, we cannot rule out that the truncated MtSWEET1b proteins in 
the Tnt1-lines retain an activity in transporting substances other than 
glucose for arbuscule maintenance.

Discussion

In this study we found that MtSWEET1b encodes a glucose transporter 
that is strongly upregulated in arbuscule-containing cells compared to 
roots and which localizes to the peri-arbuscular membrane surrounding 
the arbuscules (Fig. 7). Overexpression of MtSWEET1b increased the 
fungal mass in symbiotic roots, further suggesting that MtSWEET1b may 
play a role in exporting sugar from arbuscule-containing cells to AM fungi 
(Fig. 7). However, mycorrhization did not seem to be significantly affected 
in two M. truncatula lines where the MtSWEET1b gene is mutated to 
produce a truncated protein that is incapable of glucose transport in yeast. 
Intriguingly, overexpression of dominant-negative alleles of MtSWEET1b 
impaired arbuscule maintenance, implying that MtSWEET1b might form 
hetero-oligomers with other (SWEET) transporters.
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et al., 2017; Luginbuehl et al., 2017; Keymer et al., 2017). However, 
previously it has been shown that the host also provides sugars as carbon 
source, although the mechanism by which sugars are transported to 
the fungus is unclear (Rich et al., 2017; Wang et al., 2017; Roth and 
Paszkowski, 2017). Therefore, in this study we investigated the role of 
SWEET sugar transporters. 

While it is clear that fatty acids are transported from the host to the 
AM fungus, several studies have indicated that hexoses, predominantly 
glucose, are also taken up by the fungus inside the root. For example, 
isotope-labelled sugars added to mycorrhized roots in combination with 
detailed nuclear magnetic resonance (NMR) spectroscopic analyses 
indicated that glucose is directly transferred from the host to the fungus 
(Shachar-Hill et al., 1995; Solaiman and Saito, 1997; Pfeffer et al., 1999; 
Bago et al., 2003; Bago et al., 2000). This implies that sugar may be 
transported via plasma membrane-localized transporters to the apoplast 
of cortical cells where it is taken up by the intraradical hyphae, or sugar 
is sent across the peri-arbuscular membrane for uptake by the arbuscule. 
Consistent with these speculations, a high affinity monosaccharide AM 
fungal transporter MST2 from Rhizophagus irregularis has been found to 
be most highly expressed in arbuscules, and this gene is essential for a 
successful symbiosis (Helber et al., 2011). However, currently no plant 
sugar transporter has been identified to be involved in sugar transport to 
the fungus.

In plants the main transporters involved in sugar efflux are members of 
the SWEET family (Sugar Will Eventually be Exported Transporter) (Chen 
et al., 2010; Chen, 2014; Eom et al., 2015). Other sugar transporters, 
such as sucrose and monosaccharide transporters, are in general 
functioning in sugar influx/uptake into plants cells (Chen et al., 2015). 
SWEET transporters are considered to function as sucrose or hexose 
uniporters, facilitating sugar transport from high to low concentration 
(Chen et al., 2010; Chen, 2014). Distinct SWEET members have been 
shown to be involved in different sugar-efflux related processes, such 
as sucrose loading into the phloem, pollen nutrition by the tapetum or 
nectar secretion (Chen et al., 2012; Chen, 2014; Lin et al., 2014b). 
Furthermore, several SWEET encoding genes are transcriptionally 
induced by biotrophic bacteria or fungi, which actively manipulate the 
accumulation of SWEET proteins to obtain carbon from the plant (Chen 

142

CHAPTER 5

5

sweet1b mutants, we detected the expression of all other SWEET genes in 
sweet1b-1 mutants and wild type R108 by qRT-PCR. Our results showed 
that none of the other SWEET gene was significantly up-regulated in 
the sweet1b-1 mutant compared to the wild-type control (Fig. S10). 
Although a potential slight compensation at the expression level might 
have gone undetected in the whole (mycorrhized) root samples, a lack 
of transcriptional compensation was also reported for MtSWEET11, which 
is highly expressed in root nodules but for which Tnt1 mutants similarly 
failed to reveal a symbiotic phenotype (Kryvoruchko et al., 2016). 
Furthermore, it should be noted that we cannot rule out a potential 
compensation at the protein level.

Expression of dominant-negative MtSWEET1b alleles impairs the 
maintenance of arbuscules

Previous studies revealed that SWEET transporters function in multimers 
(Xuan et al., 2013; Tao et al., 2015). Two amino acids (Y57 and G58) 
were reported to be essential for the AtSWEET1 glucose transport activity 
in Arabidopsis and these mutant forms were shown to act in a dominant-
negative manner when overexpressed (Xuan et al., 2013). Both the amino 
acids are conserved between MtSWEET1b and AtSWEET1 (Fig. S11). To 
determine whether the two residues are important for glucose transport 
in MtSWEET1b, we constructed MtSWEET1b mutants carrying either the 
Y57A or G58D substitution. Introduction of these mutant versions into 
EBY.VW4000 did not allow yeast growth on media containing glucose 
as the sole carbon source (Fig. S12), indicating that these two protein 
variants indeed lost their ability to transport glucose.

We then expressed GFP-tagged versions of MtSWEET1bY57A and 
MtSWEET1bG58D from the strong arbuscule-specific MtPT4 promoter 
to study their subcellular localization. After transformation into M. 
truncatula roots, the composite plants were inoculated with the R. 
irregularis and analyzed by confocal microscopy. Both the MtSWEET1bY57A 
and MtSWEET1bG58D GFP fusion proteins could be detected on the peri-
arbuscular membrane, similar to that of wild type MtSWEET1b-GFP (Fig. 
S13).

Next, we specifically overexpressed non-tagged MtSWEET1bY57A and 
MtSWEET1bG58D in arbuscule-containing cells using the MtPT4 promoter 
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and quantified mycorrhization levels compared to EV control roots at 
6 wpi. Higher expression levels of MtSWEET1bY57A and MtSWEET1bG58D 
were detected in the relevant transgenic lines compared to that of 
the wild-type gene in the EV control line (Fig. 6d). Both the frequency 
and intensity of mycorrhization and number of arbuscules were not 
significantly affected in these transgenic lines in comparison with the EV 
control (Fig. 6b). To assess whether the morphology of arbuscules was 
affected due to overexpression of the two dominant-negative alleles, we 
again classified arbuscules into good/mature arbuscules (Fig. 6a left two 
panels) and degenerating/collapsed arbuscules (Fig. 6a right two panels). 
Interestingly, we observed a clear difference in arbuscule morphology 
between the transgenic lines and the EV control: there were significantly 
more degenerating/collapsed arbuscules (da%) and fewer healthy mature 
arbuscules (ma%) in the transgenic lines expressing either of the dominant 
negative alleles when compared with the EV control (Fig. 6c). Similar 
results were obtained in a second independent experiment (Fig. S14). 
In line with the microscopic quantification, transgenic roots with a lower 
frequency of healthy mature arbuscules also showed lower expression 
levels of MtPT4 (Fig. 6f) and the wild type MtSWEET1b (Fig. 6e). These 
results suggest that MtSWEET1b can form oligomers with itself and other 
SWEET proteins to provide glucose required for arbuscules maintenance. 
However, we cannot rule out that the truncated MtSWEET1b proteins in 
the Tnt1-lines retain an activity in transporting substances other than 
glucose for arbuscule maintenance.

Discussion

In this study we found that MtSWEET1b encodes a glucose transporter 
that is strongly upregulated in arbuscule-containing cells compared to 
roots and which localizes to the peri-arbuscular membrane surrounding 
the arbuscules (Fig. 7). Overexpression of MtSWEET1b increased the 
fungal mass in symbiotic roots, further suggesting that MtSWEET1b may 
play a role in exporting sugar from arbuscule-containing cells to AM fungi 
(Fig. 7). However, mycorrhization did not seem to be significantly affected 
in two M. truncatula lines where the MtSWEET1b gene is mutated to 
produce a truncated protein that is incapable of glucose transport in yeast. 
Intriguingly, overexpression of dominant-negative alleles of MtSWEET1b 
impaired arbuscule maintenance, implying that MtSWEET1b might form 
hetero-oligomers with other (SWEET) transporters.
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Abstract

Plants form a mutualistic symbiosis with arbuscular mycorrhizal (AM) 
fungi, which facilitates the acquisition of scarce minerals from the soil. 
In return, the host plants provide sugars and lipids to its fungal partner. 
However, the mechanism by which the AM fungi obtain sugars from the 
plant has remained elusive. In this study we investigated the role of 
potential SWEET family sugar exporters in AM symbiosis in Medicago 
truncatula. We show that M. truncatula SWEET1b transporter is strongly 
upregulated in arbuscule-containing cells compared to roots and localizes 
to the peri-arbuscular membrane, across which nutrient exchange takes 
place. Heterologous expression of MtSWEET1b in a yeast hexose transport 
mutant showed that it mainly transports glucose. Overexpression of 
MtSWEET1b in M. truncatula roots promoted the growth of intraradical 
mycelium during AM symbiosis. Surprisingly, two independent Mtsweet1b 
mutants, which are predicted to produce truncated protein variants 
impaired in glucose transport, exhibited no significant defects in AM 
symbiosis. However, arbuscule-specific overexpression of MtSWEET1bY57A/

G58D, which are considered to act in a dominant-negative manner, resulted 
in enhanced collapse of arbuscules. Taken together, our results reveal a 
(redundant) role for MtSWEET1b in the transport of glucose across the 
peri-arbuscular membrane to maintain arbuscules for a healthy mutually 
beneficial symbiosis.

Introduction

The vast majority of land plants engage in a mutualistic endosymbiosis 
with arbuscular mycorrhizal (AM) fungi to acquire mineral nutrients from 
soil, especially phosphorus and nitrogen (Smith and Smith, 2011). In 
return, host plants provide organic carbon to AM fungi for their survival 
and reproduction (Smith and Read, 2008). During the AM symbiosis, 
hyphae of AM fungi enter root inner cortical cells where they form highly 
branched hyphal structures, called arbuscules. The arbuscule is surrounded 
by a specialized host membrane, the peri-arbuscular membrane, which 
facilitates the exchange of nutrients (Gutjahr and Parniske, 2013). 
Recently it has been shown that fatty acids are transported from the host 
to the fungus, likely serving as a major nutritive carbon source (Jiang 
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M. truncatula has 26 SWEET genes, of which only MtSWEET1b showed 
strongly induced expression in root cortex cells colonized by the AM 
fungus. Several other MtSWEET members did show differential expression 
upon mycorrhization, however none of them exhibited induced expression 
in the root cortex cells where nutrient/sugar delivery is thought to 
occur (Roth and Paszkowski, 2017). Phylogenetic analyses showed that 
MtSWEET1b is a homolog of AtSWEET1, a glucose transporter mainly 
active in flowers (Chen et al., 2010). M. truncatula has two homologs 
in this clade, of which MtSWEET1a is highly expressed in the flowers. 
There are at least two closely related SWEET1 homologs in O. sativa, L. 
japonicus or S. tuberosum. Interestingly, at least one SWEET1 in each 
plant species was found to be induced upon mycorrhization (Handa et 
al., 2015; Manck-Götzenberger and Requena, 2016; Sugimura and Saito, 
2017). It seems likely that Arabidopsis, a non-host for AM fungi, has 
lost the AM regulated gene. In potato, several additional SWEET genes 
were found to be induced upon mycorrhization in arbuscule-containing 
cells, including clade II and clade III (sucrose transporter) SWEET genes 
(Manck-Götzenberger and Requena, 2016). Furthermore, in potato a 
clade I homolog of AtSWEET2 was also found to be induced in arbuscule-
containing cells, which is thought to function at the tonoplast (Chen et 
al., 2015). This indicates that regulation of SWEET gene expression in 
different plant species may differ, and we speculate that it will influence 
the symbiotic efficiency of different plant-fungal combinations. Besides 
increased expression in arbuscule-containing cells, MtSWEET1b is also 
highly expressed in root nodules, seeds and pods (Kryvoruchko et al., 
2016), raising the suggestion that it may play an important role in both 
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Figure 7. Proposed model for M. truncatula SWEET1b function in the arbuscule-
containing root cortical cell during AM symbiosis.
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AM and rhizobium symbioses.

The phylogenetic analyses suggested that MtSWEET1b is a glucose 
transporter. This was confirmed in yeast, as MtSWEET1b could complement 
the glucose transport defect of the EBY.VW4000 mutant (Wieczorke 
et al., 1999). So far, all the functionally characterized SWEET family 
members from different plant species were confirmed to have both sugar 
efflux and influx activity (Chen et al., 2012; Chen et al., 2010; Lin et al., 
2014b; Eom et al., 2015). As uniporters SWEETs transport sugars along 
a concentration gradient, which raises the question whether MtSWEET1b 
exports glucose towards the fungus, or whether it imports glucose in 
competition with the fungus to support the high metabolic activity of 
arbuscule-containing cells or to avoid defense responses caused by high 
levels of glucose in the apoplast (Schaarschmidt et al., 2007; Helber et 
al., 2011; Moore et al., 2015; Bezrutczyk et al., 2018). Several studies 
indicate that arbuscules-containing cells form a strong sink for hexoses. 
For example, a hexose transporter (MtHEX1) likely involved in the 
uptake of hexose from the apoplast and a sucrose transporter (MtSUT1) 
thought to be involved in the export of sucrose from the vacuole as well 
as genes encoding amylase and secreted invertases showed the highest 
level of expression in root cortex cells adjacent to arbuscule-containing 
cells (Gaude, Bortfeld, et al., 2012; Gaude, Schulze, et al., 2012). The 
observation that plasmodesmata between arbuscule-containing cells and 
adjacent cells are enlarged (Blee and Anderson, 1998), suggests that 
cortical cells adjacent to arbuscule-containing cells supply carbohydrates 
to arbuscule-containing cells via symplastic transport (Gaude, Schulze, 
et al., 2012). In the arbuscule-containing cells, a strongly induced 
cytoplasmic sucrose synthase (MtSucS1) converts the sucrose to glucose. 
When knocked-down, this gene impaired fungal colonization and caused 
an early collapse of arbuscules (Baier et al., 2010). Therefore, we consider 
it likely that the glucose concentration inside arbuscule-containing cortex 
cells is higher than in the peri-arbuscular space and that MtSWEET1b 
facilitates the export of glucose across the peri-arbuscular membrane 
for subsequent uptake by the fungus through the monosaccharide 
transporter MST2 (Fig. 7) (Helber et al., 2011). Recently, it has been 
shown that the expression of MtSWEET1b is consistent with a carbon 
allocation to the fungal side during AM symbiosis (Kafle et al., 2019), 
which strengthens the possibility that MtSWEET1b indeed exports sugars 
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et al., 2017; Luginbuehl et al., 2017; Keymer et al., 2017). However, 
previously it has been shown that the host also provides sugars as carbon 
source, although the mechanism by which sugars are transported to 
the fungus is unclear (Rich et al., 2017; Wang et al., 2017; Roth and 
Paszkowski, 2017). Therefore, in this study we investigated the role of 
SWEET sugar transporters. 

While it is clear that fatty acids are transported from the host to the 
AM fungus, several studies have indicated that hexoses, predominantly 
glucose, are also taken up by the fungus inside the root. For example, 
isotope-labelled sugars added to mycorrhized roots in combination with 
detailed nuclear magnetic resonance (NMR) spectroscopic analyses 
indicated that glucose is directly transferred from the host to the fungus 
(Shachar-Hill et al., 1995; Solaiman and Saito, 1997; Pfeffer et al., 1999; 
Bago et al., 2003; Bago et al., 2000). This implies that sugar may be 
transported via plasma membrane-localized transporters to the apoplast 
of cortical cells where it is taken up by the intraradical hyphae, or sugar 
is sent across the peri-arbuscular membrane for uptake by the arbuscule. 
Consistent with these speculations, a high affinity monosaccharide AM 
fungal transporter MST2 from Rhizophagus irregularis has been found to 
be most highly expressed in arbuscules, and this gene is essential for a 
successful symbiosis (Helber et al., 2011). However, currently no plant 
sugar transporter has been identified to be involved in sugar transport to 
the fungus.

In plants the main transporters involved in sugar efflux are members of 
the SWEET family (Sugar Will Eventually be Exported Transporter) (Chen 
et al., 2010; Chen, 2014; Eom et al., 2015). Other sugar transporters, 
such as sucrose and monosaccharide transporters, are in general 
functioning in sugar influx/uptake into plants cells (Chen et al., 2015). 
SWEET transporters are considered to function as sucrose or hexose 
uniporters, facilitating sugar transport from high to low concentration 
(Chen et al., 2010; Chen, 2014). Distinct SWEET members have been 
shown to be involved in different sugar-efflux related processes, such 
as sucrose loading into the phloem, pollen nutrition by the tapetum or 
nectar secretion (Chen et al., 2012; Chen, 2014; Lin et al., 2014b). 
Furthermore, several SWEET encoding genes are transcriptionally 
induced by biotrophic bacteria or fungi, which actively manipulate the 
accumulation of SWEET proteins to obtain carbon from the plant (Chen 
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M. truncatula has 26 SWEET genes, of which only MtSWEET1b showed 
strongly induced expression in root cortex cells colonized by the AM 
fungus. Several other MtSWEET members did show differential expression 
upon mycorrhization, however none of them exhibited induced expression 
in the root cortex cells where nutrient/sugar delivery is thought to 
occur (Roth and Paszkowski, 2017). Phylogenetic analyses showed that 
MtSWEET1b is a homolog of AtSWEET1, a glucose transporter mainly 
active in flowers (Chen et al., 2010). M. truncatula has two homologs 
in this clade, of which MtSWEET1a is highly expressed in the flowers. 
There are at least two closely related SWEET1 homologs in O. sativa, L. 
japonicus or S. tuberosum. Interestingly, at least one SWEET1 in each 
plant species was found to be induced upon mycorrhization (Handa et 
al., 2015; Manck-Götzenberger and Requena, 2016; Sugimura and Saito, 
2017). It seems likely that Arabidopsis, a non-host for AM fungi, has 
lost the AM regulated gene. In potato, several additional SWEET genes 
were found to be induced upon mycorrhization in arbuscule-containing 
cells, including clade II and clade III (sucrose transporter) SWEET genes 
(Manck-Götzenberger and Requena, 2016). Furthermore, in potato a 
clade I homolog of AtSWEET2 was also found to be induced in arbuscule-
containing cells, which is thought to function at the tonoplast (Chen et 
al., 2015). This indicates that regulation of SWEET gene expression in 
different plant species may differ, and we speculate that it will influence 
the symbiotic efficiency of different plant-fungal combinations. Besides 
increased expression in arbuscule-containing cells, MtSWEET1b is also 
highly expressed in root nodules, seeds and pods (Kryvoruchko et al., 
2016), raising the suggestion that it may play an important role in both 
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AM and rhizobium symbioses.

The phylogenetic analyses suggested that MtSWEET1b is a glucose 
transporter. This was confirmed in yeast, as MtSWEET1b could complement 
the glucose transport defect of the EBY.VW4000 mutant (Wieczorke 
et al., 1999). So far, all the functionally characterized SWEET family 
members from different plant species were confirmed to have both sugar 
efflux and influx activity (Chen et al., 2012; Chen et al., 2010; Lin et al., 
2014b; Eom et al., 2015). As uniporters SWEETs transport sugars along 
a concentration gradient, which raises the question whether MtSWEET1b 
exports glucose towards the fungus, or whether it imports glucose in 
competition with the fungus to support the high metabolic activity of 
arbuscule-containing cells or to avoid defense responses caused by high 
levels of glucose in the apoplast (Schaarschmidt et al., 2007; Helber et 
al., 2011; Moore et al., 2015; Bezrutczyk et al., 2018). Several studies 
indicate that arbuscules-containing cells form a strong sink for hexoses. 
For example, a hexose transporter (MtHEX1) likely involved in the 
uptake of hexose from the apoplast and a sucrose transporter (MtSUT1) 
thought to be involved in the export of sucrose from the vacuole as well 
as genes encoding amylase and secreted invertases showed the highest 
level of expression in root cortex cells adjacent to arbuscule-containing 
cells (Gaude, Bortfeld, et al., 2012; Gaude, Schulze, et al., 2012). The 
observation that plasmodesmata between arbuscule-containing cells and 
adjacent cells are enlarged (Blee and Anderson, 1998), suggests that 
cortical cells adjacent to arbuscule-containing cells supply carbohydrates 
to arbuscule-containing cells via symplastic transport (Gaude, Schulze, 
et al., 2012). In the arbuscule-containing cells, a strongly induced 
cytoplasmic sucrose synthase (MtSucS1) converts the sucrose to glucose. 
When knocked-down, this gene impaired fungal colonization and caused 
an early collapse of arbuscules (Baier et al., 2010). Therefore, we consider 
it likely that the glucose concentration inside arbuscule-containing cortex 
cells is higher than in the peri-arbuscular space and that MtSWEET1b 
facilitates the export of glucose across the peri-arbuscular membrane 
for subsequent uptake by the fungus through the monosaccharide 
transporter MST2 (Fig. 7) (Helber et al., 2011). Recently, it has been 
shown that the expression of MtSWEET1b is consistent with a carbon 
allocation to the fungal side during AM symbiosis (Kafle et al., 2019), 
which strengthens the possibility that MtSWEET1b indeed exports sugars 
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Abstract

Plants form a mutualistic symbiosis with arbuscular mycorrhizal (AM) 
fungi, which facilitates the acquisition of scarce minerals from the soil. 
In return, the host plants provide sugars and lipids to its fungal partner. 
However, the mechanism by which the AM fungi obtain sugars from the 
plant has remained elusive. In this study we investigated the role of 
potential SWEET family sugar exporters in AM symbiosis in Medicago 
truncatula. We show that M. truncatula SWEET1b transporter is strongly 
upregulated in arbuscule-containing cells compared to roots and localizes 
to the peri-arbuscular membrane, across which nutrient exchange takes 
place. Heterologous expression of MtSWEET1b in a yeast hexose transport 
mutant showed that it mainly transports glucose. Overexpression of 
MtSWEET1b in M. truncatula roots promoted the growth of intraradical 
mycelium during AM symbiosis. Surprisingly, two independent Mtsweet1b 
mutants, which are predicted to produce truncated protein variants 
impaired in glucose transport, exhibited no significant defects in AM 
symbiosis. However, arbuscule-specific overexpression of MtSWEET1bY57A/

G58D, which are considered to act in a dominant-negative manner, resulted 
in enhanced collapse of arbuscules. Taken together, our results reveal a 
(redundant) role for MtSWEET1b in the transport of glucose across the 
peri-arbuscular membrane to maintain arbuscules for a healthy mutually 
beneficial symbiosis.

Introduction

The vast majority of land plants engage in a mutualistic endosymbiosis 
with arbuscular mycorrhizal (AM) fungi to acquire mineral nutrients from 
soil, especially phosphorus and nitrogen (Smith and Smith, 2011). In 
return, host plants provide organic carbon to AM fungi for their survival 
and reproduction (Smith and Read, 2008). During the AM symbiosis, 
hyphae of AM fungi enter root inner cortical cells where they form highly 
branched hyphal structures, called arbuscules. The arbuscule is surrounded 
by a specialized host membrane, the peri-arbuscular membrane, which 
facilitates the exchange of nutrients (Gutjahr and Parniske, 2013). 
Recently it has been shown that fatty acids are transported from the host 
to the fungus, likely serving as a major nutritive carbon source (Jiang 
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to AM fungi. However, formal proof that MtSWEET1b indeed exports 
glucose across the peri-arbuscular membrane remains to be shown, 
which is complicated by the fact that the fungus also obtains carbon in 
the form of fatty acids that can be converted into sugars by the fungus 
(Jiang et al., 2017; Luginbuehl et al., 2017).

The observation that overexpression of MtSWEET1b increased the 
mycorrhization level may suggest that more glucose was supplied to 
the AM fungi thereby promoting the growth of the fungus inside the 
roots. However, the absence of any effect on arbuscule formation or 
mycorrhization levels in the Tnt1 MtSWEET1b insertion lines challenged 
the importance of glucose efflux into AM fungi during AM symbiosis. The 
insertion lines could still produce truncated MtSWEET1b proteins, which 
may still retain certain transport activity that could explain the lack of 
mycorrhization phenotypes. However, we consider it very unlikely, since 
the predicted deletion of transmembrane domains would seriously disrupt 
the protein configuration in the membrane. Expression of such a truncated 
MtSWEET1b protein did not allow the hexose-transport deficient EBY.
VW4000 yeast strain to grow on glucose-containing medium, indicating 
that at least the glucose transport ability of MtSWEET1b is indeed lost. 
Thus, our genetic data indicate that the AM fungus is still able to obtain 
sufficient carbohydrates to sustain fungal growth in host plants in which 
glucose transport activity derived from MtSWEET1b is lost. This further 
implies that there is functional redundancy between MtSWEET1b and other 
related SWEET family members or that there is compensation through 
sugar uptake from the apoplast by the intraradical hyphae (Helber et al., 
2011; Roth and Paszkowski, 2017)

Intriguingly, we found that overexpression of a presumed dominant-
negative forms of MtSWEET1b in wild-type M. truncatula plants caused 
an early collapse of arbuscules even though there was no significant 
reduction in intraradical hyphal growth or total amount of arbuscules. 
This suggests that the MtSWEET1b mutant forms poise complexes with 
other (SWEET) transporters, affecting the transport of sugars or other 
substances required for arbuscule maintenance. It was recently found 
that clade III SWEET transporters in Arabidopsis can transport gibberellic 
acid (GA) (Kanno et al., 2016). GA enhances the degradation of DELLA 
proteins and is an important negative regulator of symbiotic signaling 
(Pimprikar et al., 2016). Whether MtSWEET1b can transport GA, or other 
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metabolites, remains to be investigated.

Taken together, our results provide a first indication that SWEET 
transporters play an important role to stabilize the AM symbiosis (Kiers 
et al., 2011). Understanding how costs and benefits are monitored and 
modulated by both partners will be key to improve plant performance 
through AM symbiosis. 
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et al., 2017; Luginbuehl et al., 2017; Keymer et al., 2017). However, 
previously it has been shown that the host also provides sugars as carbon 
source, although the mechanism by which sugars are transported to 
the fungus is unclear (Rich et al., 2017; Wang et al., 2017; Roth and 
Paszkowski, 2017). Therefore, in this study we investigated the role of 
SWEET sugar transporters. 

While it is clear that fatty acids are transported from the host to the 
AM fungus, several studies have indicated that hexoses, predominantly 
glucose, are also taken up by the fungus inside the root. For example, 
isotope-labelled sugars added to mycorrhized roots in combination with 
detailed nuclear magnetic resonance (NMR) spectroscopic analyses 
indicated that glucose is directly transferred from the host to the fungus 
(Shachar-Hill et al., 1995; Solaiman and Saito, 1997; Pfeffer et al., 1999; 
Bago et al., 2003; Bago et al., 2000). This implies that sugar may be 
transported via plasma membrane-localized transporters to the apoplast 
of cortical cells where it is taken up by the intraradical hyphae, or sugar 
is sent across the peri-arbuscular membrane for uptake by the arbuscule. 
Consistent with these speculations, a high affinity monosaccharide AM 
fungal transporter MST2 from Rhizophagus irregularis has been found to 
be most highly expressed in arbuscules, and this gene is essential for a 
successful symbiosis (Helber et al., 2011). However, currently no plant 
sugar transporter has been identified to be involved in sugar transport to 
the fungus.

In plants the main transporters involved in sugar efflux are members of 
the SWEET family (Sugar Will Eventually be Exported Transporter) (Chen 
et al., 2010; Chen, 2014; Eom et al., 2015). Other sugar transporters, 
such as sucrose and monosaccharide transporters, are in general 
functioning in sugar influx/uptake into plants cells (Chen et al., 2015). 
SWEET transporters are considered to function as sucrose or hexose 
uniporters, facilitating sugar transport from high to low concentration 
(Chen et al., 2010; Chen, 2014). Distinct SWEET members have been 
shown to be involved in different sugar-efflux related processes, such 
as sucrose loading into the phloem, pollen nutrition by the tapetum or 
nectar secretion (Chen et al., 2012; Chen, 2014; Lin et al., 2014b). 
Furthermore, several SWEET encoding genes are transcriptionally 
induced by biotrophic bacteria or fungi, which actively manipulate the 
accumulation of SWEET proteins to obtain carbon from the plant (Chen 
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to AM fungi. However, formal proof that MtSWEET1b indeed exports 
glucose across the peri-arbuscular membrane remains to be shown, 
which is complicated by the fact that the fungus also obtains carbon in 
the form of fatty acids that can be converted into sugars by the fungus 
(Jiang et al., 2017; Luginbuehl et al., 2017).

The observation that overexpression of MtSWEET1b increased the 
mycorrhization level may suggest that more glucose was supplied to 
the AM fungi thereby promoting the growth of the fungus inside the 
roots. However, the absence of any effect on arbuscule formation or 
mycorrhization levels in the Tnt1 MtSWEET1b insertion lines challenged 
the importance of glucose efflux into AM fungi during AM symbiosis. The 
insertion lines could still produce truncated MtSWEET1b proteins, which 
may still retain certain transport activity that could explain the lack of 
mycorrhization phenotypes. However, we consider it very unlikely, since 
the predicted deletion of transmembrane domains would seriously disrupt 
the protein configuration in the membrane. Expression of such a truncated 
MtSWEET1b protein did not allow the hexose-transport deficient EBY.
VW4000 yeast strain to grow on glucose-containing medium, indicating 
that at least the glucose transport ability of MtSWEET1b is indeed lost. 
Thus, our genetic data indicate that the AM fungus is still able to obtain 
sufficient carbohydrates to sustain fungal growth in host plants in which 
glucose transport activity derived from MtSWEET1b is lost. This further 
implies that there is functional redundancy between MtSWEET1b and other 
related SWEET family members or that there is compensation through 
sugar uptake from the apoplast by the intraradical hyphae (Helber et al., 
2011; Roth and Paszkowski, 2017)

Intriguingly, we found that overexpression of a presumed dominant-
negative forms of MtSWEET1b in wild-type M. truncatula plants caused 
an early collapse of arbuscules even though there was no significant 
reduction in intraradical hyphal growth or total amount of arbuscules. 
This suggests that the MtSWEET1b mutant forms poise complexes with 
other (SWEET) transporters, affecting the transport of sugars or other 
substances required for arbuscule maintenance. It was recently found 
that clade III SWEET transporters in Arabidopsis can transport gibberellic 
acid (GA) (Kanno et al., 2016). GA enhances the degradation of DELLA 
proteins and is an important negative regulator of symbiotic signaling 
(Pimprikar et al., 2016). Whether MtSWEET1b can transport GA, or other 
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metabolites, remains to be investigated.

Taken together, our results provide a first indication that SWEET 
transporters play an important role to stabilize the AM symbiosis (Kiers 
et al., 2011). Understanding how costs and benefits are monitored and 
modulated by both partners will be key to improve plant performance 
through AM symbiosis. 
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Abstract

Plants form a mutualistic symbiosis with arbuscular mycorrhizal (AM) 
fungi, which facilitates the acquisition of scarce minerals from the soil. 
In return, the host plants provide sugars and lipids to its fungal partner. 
However, the mechanism by which the AM fungi obtain sugars from the 
plant has remained elusive. In this study we investigated the role of 
potential SWEET family sugar exporters in AM symbiosis in Medicago 
truncatula. We show that M. truncatula SWEET1b transporter is strongly 
upregulated in arbuscule-containing cells compared to roots and localizes 
to the peri-arbuscular membrane, across which nutrient exchange takes 
place. Heterologous expression of MtSWEET1b in a yeast hexose transport 
mutant showed that it mainly transports glucose. Overexpression of 
MtSWEET1b in M. truncatula roots promoted the growth of intraradical 
mycelium during AM symbiosis. Surprisingly, two independent Mtsweet1b 
mutants, which are predicted to produce truncated protein variants 
impaired in glucose transport, exhibited no significant defects in AM 
symbiosis. However, arbuscule-specific overexpression of MtSWEET1bY57A/

G58D, which are considered to act in a dominant-negative manner, resulted 
in enhanced collapse of arbuscules. Taken together, our results reveal a 
(redundant) role for MtSWEET1b in the transport of glucose across the 
peri-arbuscular membrane to maintain arbuscules for a healthy mutually 
beneficial symbiosis.

Introduction

The vast majority of land plants engage in a mutualistic endosymbiosis 
with arbuscular mycorrhizal (AM) fungi to acquire mineral nutrients from 
soil, especially phosphorus and nitrogen (Smith and Smith, 2011). In 
return, host plants provide organic carbon to AM fungi for their survival 
and reproduction (Smith and Read, 2008). During the AM symbiosis, 
hyphae of AM fungi enter root inner cortical cells where they form highly 
branched hyphal structures, called arbuscules. The arbuscule is surrounded 
by a specialized host membrane, the peri-arbuscular membrane, which 
facilitates the exchange of nutrients (Gutjahr and Parniske, 2013). 
Recently it has been shown that fatty acids are transported from the host 
to the fungus, likely serving as a major nutritive carbon source (Jiang 
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Figure S1. Phylogenetic tree of SWEET family genes. Species included are A. 
thaliana (At), M. truncatula (Mt), O. sativa (Os), L. japonicus (Lj) and S. tuberosum 
(St). The protein sequences were aligned by ClustalW and a neighbor-joining 
phylogenetic tree was generated based on the alignment. Branch support was 
obtained from 2000 bootstrap repetitions. Figtree v1.4.2 was used to adjust the 
shape of the phylogenetic tree. The five SWEET clades are marked by different 
colours: Clade I, blue-green; Clade II, golden yellow; Clade III, rose red; Clade IV, 
light grey; Clade V, dark grey. Clade I SWEET genes (marked blue) highlighted in 
red are induced in AM symbiosis. 

149

5

A SWEET transporter implicated in AM symbiosis

R
el

at
iv

e 
tra

ns
ci

rp
t l

ev
el

 (T
P

M
) 

Figure S2. Analysis of the expression pattern of M. truncatula SWEET family 
genes during AM symbiosis.Expression levels (TPM) of M. truncatula SWEET 
family genes in cortical cells containing arbuscules and cortical cells adjacent 
to intercellular hyphae are based on RNA-seq data by Zeng et al. (2018). TPM, 
transcripts per million. Data are represented as the mean ±SD of three biological 
replicates.   
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et al., 2017; Luginbuehl et al., 2017; Keymer et al., 2017). However, 
previously it has been shown that the host also provides sugars as carbon 
source, although the mechanism by which sugars are transported to 
the fungus is unclear (Rich et al., 2017; Wang et al., 2017; Roth and 
Paszkowski, 2017). Therefore, in this study we investigated the role of 
SWEET sugar transporters. 

While it is clear that fatty acids are transported from the host to the 
AM fungus, several studies have indicated that hexoses, predominantly 
glucose, are also taken up by the fungus inside the root. For example, 
isotope-labelled sugars added to mycorrhized roots in combination with 
detailed nuclear magnetic resonance (NMR) spectroscopic analyses 
indicated that glucose is directly transferred from the host to the fungus 
(Shachar-Hill et al., 1995; Solaiman and Saito, 1997; Pfeffer et al., 1999; 
Bago et al., 2003; Bago et al., 2000). This implies that sugar may be 
transported via plasma membrane-localized transporters to the apoplast 
of cortical cells where it is taken up by the intraradical hyphae, or sugar 
is sent across the peri-arbuscular membrane for uptake by the arbuscule. 
Consistent with these speculations, a high affinity monosaccharide AM 
fungal transporter MST2 from Rhizophagus irregularis has been found to 
be most highly expressed in arbuscules, and this gene is essential for a 
successful symbiosis (Helber et al., 2011). However, currently no plant 
sugar transporter has been identified to be involved in sugar transport to 
the fungus.

In plants the main transporters involved in sugar efflux are members of 
the SWEET family (Sugar Will Eventually be Exported Transporter) (Chen 
et al., 2010; Chen, 2014; Eom et al., 2015). Other sugar transporters, 
such as sucrose and monosaccharide transporters, are in general 
functioning in sugar influx/uptake into plants cells (Chen et al., 2015). 
SWEET transporters are considered to function as sucrose or hexose 
uniporters, facilitating sugar transport from high to low concentration 
(Chen et al., 2010; Chen, 2014). Distinct SWEET members have been 
shown to be involved in different sugar-efflux related processes, such 
as sucrose loading into the phloem, pollen nutrition by the tapetum or 
nectar secretion (Chen et al., 2012; Chen, 2014; Lin et al., 2014b). 
Furthermore, several SWEET encoding genes are transcriptionally 
induced by biotrophic bacteria or fungi, which actively manipulate the 
accumulation of SWEET proteins to obtain carbon from the plant (Chen 
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Figure S1. Phylogenetic tree of SWEET family genes. Species included are A. 
thaliana (At), M. truncatula (Mt), O. sativa (Os), L. japonicus (Lj) and S. tuberosum 
(St). The protein sequences were aligned by ClustalW and a neighbor-joining 
phylogenetic tree was generated based on the alignment. Branch support was 
obtained from 2000 bootstrap repetitions. Figtree v1.4.2 was used to adjust the 
shape of the phylogenetic tree. The five SWEET clades are marked by different 
colours: Clade I, blue-green; Clade II, golden yellow; Clade III, rose red; Clade IV, 
light grey; Clade V, dark grey. Clade I SWEET genes (marked blue) highlighted in 
red are induced in AM symbiosis. 
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Figure S2. Analysis of the expression pattern of M. truncatula SWEET family 
genes during AM symbiosis.Expression levels (TPM) of M. truncatula SWEET 
family genes in cortical cells containing arbuscules and cortical cells adjacent 
to intercellular hyphae are based on RNA-seq data by Zeng et al. (2018). TPM, 
transcripts per million. Data are represented as the mean ±SD of three biological 
replicates.   
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Abstract

Plants form a mutualistic symbiosis with arbuscular mycorrhizal (AM) 
fungi, which facilitates the acquisition of scarce minerals from the soil. 
In return, the host plants provide sugars and lipids to its fungal partner. 
However, the mechanism by which the AM fungi obtain sugars from the 
plant has remained elusive. In this study we investigated the role of 
potential SWEET family sugar exporters in AM symbiosis in Medicago 
truncatula. We show that M. truncatula SWEET1b transporter is strongly 
upregulated in arbuscule-containing cells compared to roots and localizes 
to the peri-arbuscular membrane, across which nutrient exchange takes 
place. Heterologous expression of MtSWEET1b in a yeast hexose transport 
mutant showed that it mainly transports glucose. Overexpression of 
MtSWEET1b in M. truncatula roots promoted the growth of intraradical 
mycelium during AM symbiosis. Surprisingly, two independent Mtsweet1b 
mutants, which are predicted to produce truncated protein variants 
impaired in glucose transport, exhibited no significant defects in AM 
symbiosis. However, arbuscule-specific overexpression of MtSWEET1bY57A/

G58D, which are considered to act in a dominant-negative manner, resulted 
in enhanced collapse of arbuscules. Taken together, our results reveal a 
(redundant) role for MtSWEET1b in the transport of glucose across the 
peri-arbuscular membrane to maintain arbuscules for a healthy mutually 
beneficial symbiosis.

Introduction

The vast majority of land plants engage in a mutualistic endosymbiosis 
with arbuscular mycorrhizal (AM) fungi to acquire mineral nutrients from 
soil, especially phosphorus and nitrogen (Smith and Smith, 2011). In 
return, host plants provide organic carbon to AM fungi for their survival 
and reproduction (Smith and Read, 2008). During the AM symbiosis, 
hyphae of AM fungi enter root inner cortical cells where they form highly 
branched hyphal structures, called arbuscules. The arbuscule is surrounded 
by a specialized host membrane, the peri-arbuscular membrane, which 
facilitates the exchange of nutrients (Gutjahr and Parniske, 2013). 
Recently it has been shown that fatty acids are transported from the host 
to the fungus, likely serving as a major nutritive carbon source (Jiang 
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Figure S4. Expression levels of MtSWEET1b, MtBCP1 and MtPT4 in M. 
truncatula roots in response to high concentration of phosphate. (a-b) 
Relative expression level of MtSWEET1b (a) and (b) MtPT4 and MtBCP1 in M. 
truncatula roots inoculated with R. irregularis, grown for 4.5 weeks under low (20 
μM) phosphate condition after which the phosphate concentration was raised to 3.5 
mM for 3 days. SD indicates standard deviation from the mean of three biological 
replicates. The values were calculated using the 2-ΔΔCt method relative to the 
expression of MtSWEET1b under low (20 μM) phosphate condition, MtEF1α was 
used as reference gene. 
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Figure S3. Relative expression level of MtSWEET genes in the arbuscule-
containing cells and roots inoculated with F. mosseae. (a) Relative expression 
level of MtSWEET genes in arbuscule-containing cells isolated from mycorrhizal 
roots by laser capture microdissection. Data are averages from three biological 
replicates. Error bar shows SD. The values were calculated using the 2-ΔΔCt method 
relative to MtSWEET1b. MtEF1α was used as reference gene. (b) Expression level 
of MtSWEET1b in M. truncatula non-inoculated control roots or roots inoculated with 
F. mosseae at 6 wpi. The values were calculated relative to non-inoculated control 
samples. MtEF1α was used as reference gene. Error bars ± SD were obtained from 
three independent biological replicates.
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Figure S5. MtSWEET1b promoter activity in M. truncatula root tips. (a-b) Hairy 
roots transformed with MtSWEET1bpro:GUS inoculated (a) and non-inoculated (b) 
with R. irregularis, showing promoter activity in the root tip. Bars: (a) 25 μm, (b) 75 
μm.

Figure S6. Relative expression levels of MtSWEET1b and MtPT4 and arbuscule 
abundance in MtSWEET1b overexpression and empty vector transgenic M. 
truncatula roots. (a and c) Expression levels of MtSWEET1b (a) and MtPT4 (c) 
in M. truncatula roots overexpressing MtSWEET1b or empty vector control roots 
determined by qRT-PCR analyses at 5 wpi with R. irregularis. EV, empty vector 
lines. OE, MtPT4p:MtSWEET1b lines. MtEF1α was used as reference gene. 
Relative expression levels are normalized against the EV lines using the 2-ΔΔCt 
method. Data are represented as the mean ±SD of six biological replicates. ** P < 
0.01, Student’s t-test. (b) Quantification of arbuscule abundance in M. truncatula 
roots overexpressing MtPT4p:MtSWEET1b and empty vector control roots at 5 wpi 
with R. irregularis. The parameters a% and A% indicate arbuscule abundance in 
mycorrhized root fragments and arbuscule abundance in the entire root system, 
respectively. Data are represented as the mean ±SD of six biological replicates. ** 
P < 0.01, Student’s t-test.
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et al., 2017; Luginbuehl et al., 2017; Keymer et al., 2017). However, 
previously it has been shown that the host also provides sugars as carbon 
source, although the mechanism by which sugars are transported to 
the fungus is unclear (Rich et al., 2017; Wang et al., 2017; Roth and 
Paszkowski, 2017). Therefore, in this study we investigated the role of 
SWEET sugar transporters. 

While it is clear that fatty acids are transported from the host to the 
AM fungus, several studies have indicated that hexoses, predominantly 
glucose, are also taken up by the fungus inside the root. For example, 
isotope-labelled sugars added to mycorrhized roots in combination with 
detailed nuclear magnetic resonance (NMR) spectroscopic analyses 
indicated that glucose is directly transferred from the host to the fungus 
(Shachar-Hill et al., 1995; Solaiman and Saito, 1997; Pfeffer et al., 1999; 
Bago et al., 2003; Bago et al., 2000). This implies that sugar may be 
transported via plasma membrane-localized transporters to the apoplast 
of cortical cells where it is taken up by the intraradical hyphae, or sugar 
is sent across the peri-arbuscular membrane for uptake by the arbuscule. 
Consistent with these speculations, a high affinity monosaccharide AM 
fungal transporter MST2 from Rhizophagus irregularis has been found to 
be most highly expressed in arbuscules, and this gene is essential for a 
successful symbiosis (Helber et al., 2011). However, currently no plant 
sugar transporter has been identified to be involved in sugar transport to 
the fungus.

In plants the main transporters involved in sugar efflux are members of 
the SWEET family (Sugar Will Eventually be Exported Transporter) (Chen 
et al., 2010; Chen, 2014; Eom et al., 2015). Other sugar transporters, 
such as sucrose and monosaccharide transporters, are in general 
functioning in sugar influx/uptake into plants cells (Chen et al., 2015). 
SWEET transporters are considered to function as sucrose or hexose 
uniporters, facilitating sugar transport from high to low concentration 
(Chen et al., 2010; Chen, 2014). Distinct SWEET members have been 
shown to be involved in different sugar-efflux related processes, such 
as sucrose loading into the phloem, pollen nutrition by the tapetum or 
nectar secretion (Chen et al., 2012; Chen, 2014; Lin et al., 2014b). 
Furthermore, several SWEET encoding genes are transcriptionally 
induced by biotrophic bacteria or fungi, which actively manipulate the 
accumulation of SWEET proteins to obtain carbon from the plant (Chen 
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Figure S4. Expression levels of MtSWEET1b, MtBCP1 and MtPT4 in M. 
truncatula roots in response to high concentration of phosphate. (a-b) 
Relative expression level of MtSWEET1b (a) and (b) MtPT4 and MtBCP1 in M. 
truncatula roots inoculated with R. irregularis, grown for 4.5 weeks under low (20 
μM) phosphate condition after which the phosphate concentration was raised to 3.5 
mM for 3 days. SD indicates standard deviation from the mean of three biological 
replicates. The values were calculated using the 2-ΔΔCt method relative to the 
expression of MtSWEET1b under low (20 μM) phosphate condition, MtEF1α was 
used as reference gene. 
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Figure S3. Relative expression level of MtSWEET genes in the arbuscule-
containing cells and roots inoculated with F. mosseae. (a) Relative expression 
level of MtSWEET genes in arbuscule-containing cells isolated from mycorrhizal 
roots by laser capture microdissection. Data are averages from three biological 
replicates. Error bar shows SD. The values were calculated using the 2-ΔΔCt method 
relative to MtSWEET1b. MtEF1α was used as reference gene. (b) Expression level 
of MtSWEET1b in M. truncatula non-inoculated control roots or roots inoculated with 
F. mosseae at 6 wpi. The values were calculated relative to non-inoculated control 
samples. MtEF1α was used as reference gene. Error bars ± SD were obtained from 
three independent biological replicates.
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Figure S5. MtSWEET1b promoter activity in M. truncatula root tips. (a-b) Hairy 
roots transformed with MtSWEET1bpro:GUS inoculated (a) and non-inoculated (b) 
with R. irregularis, showing promoter activity in the root tip. Bars: (a) 25 μm, (b) 75 
μm.

Figure S6. Relative expression levels of MtSWEET1b and MtPT4 and arbuscule 
abundance in MtSWEET1b overexpression and empty vector transgenic M. 
truncatula roots. (a and c) Expression levels of MtSWEET1b (a) and MtPT4 (c) 
in M. truncatula roots overexpressing MtSWEET1b or empty vector control roots 
determined by qRT-PCR analyses at 5 wpi with R. irregularis. EV, empty vector 
lines. OE, MtPT4p:MtSWEET1b lines. MtEF1α was used as reference gene. 
Relative expression levels are normalized against the EV lines using the 2-ΔΔCt 
method. Data are represented as the mean ±SD of six biological replicates. ** P < 
0.01, Student’s t-test. (b) Quantification of arbuscule abundance in M. truncatula 
roots overexpressing MtPT4p:MtSWEET1b and empty vector control roots at 5 wpi 
with R. irregularis. The parameters a% and A% indicate arbuscule abundance in 
mycorrhized root fragments and arbuscule abundance in the entire root system, 
respectively. Data are represented as the mean ±SD of six biological replicates. ** 
P < 0.01, Student’s t-test.
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Abstract

Plants form a mutualistic symbiosis with arbuscular mycorrhizal (AM) 
fungi, which facilitates the acquisition of scarce minerals from the soil. 
In return, the host plants provide sugars and lipids to its fungal partner. 
However, the mechanism by which the AM fungi obtain sugars from the 
plant has remained elusive. In this study we investigated the role of 
potential SWEET family sugar exporters in AM symbiosis in Medicago 
truncatula. We show that M. truncatula SWEET1b transporter is strongly 
upregulated in arbuscule-containing cells compared to roots and localizes 
to the peri-arbuscular membrane, across which nutrient exchange takes 
place. Heterologous expression of MtSWEET1b in a yeast hexose transport 
mutant showed that it mainly transports glucose. Overexpression of 
MtSWEET1b in M. truncatula roots promoted the growth of intraradical 
mycelium during AM symbiosis. Surprisingly, two independent Mtsweet1b 
mutants, which are predicted to produce truncated protein variants 
impaired in glucose transport, exhibited no significant defects in AM 
symbiosis. However, arbuscule-specific overexpression of MtSWEET1bY57A/

G58D, which are considered to act in a dominant-negative manner, resulted 
in enhanced collapse of arbuscules. Taken together, our results reveal a 
(redundant) role for MtSWEET1b in the transport of glucose across the 
peri-arbuscular membrane to maintain arbuscules for a healthy mutually 
beneficial symbiosis.

Introduction

The vast majority of land plants engage in a mutualistic endosymbiosis 
with arbuscular mycorrhizal (AM) fungi to acquire mineral nutrients from 
soil, especially phosphorus and nitrogen (Smith and Smith, 2011). In 
return, host plants provide organic carbon to AM fungi for their survival 
and reproduction (Smith and Read, 2008). During the AM symbiosis, 
hyphae of AM fungi enter root inner cortical cells where they form highly 
branched hyphal structures, called arbuscules. The arbuscule is surrounded 
by a specialized host membrane, the peri-arbuscular membrane, which 
facilitates the exchange of nutrients (Gutjahr and Parniske, 2013). 
Recently it has been shown that fatty acids are transported from the host 
to the fungus, likely serving as a major nutritive carbon source (Jiang 
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Figure S7. Relative expression of MtSWEET1b, RiEF and MtPT4 in a second 
independent MtSWEET1b overexpression experiment. (a-c) The expression 
levels of MtSWEETb (a), RiEF (b) and MtPT4 (c) in M. truncatula roots expressing 
MtPT4pro:MtSWEET1b and empty vector control roots were measured by qRT-PCR 
at 5 wpi with R. irregularis. EV, empty vector lines. OE, MtPT4pro:MtSWEET1b lines. 
MtEF1α was used as reference gene. Relative expression levels were normalized 
against the EV lines using the 2-ΔΔCt method. Data are represented as the mean 
±SD of five biological replicates . ** P < 0.01, * P < 0.05, Student’s t-test.

153

5

A SWEET transporter implicated in AM symbiosis

>MtSWEET1b coding sequences
atgcatgttgcacatcttttgtttggcatatttgggaatgcttctgctttgttcctcttcttggcacctgtgattacattcaa
gaggattatagtcaacaaatccacagagaaattttcaggcttaccatatgttatgactctgctcaattgtctcctttc
tgcttggtacggtctgccttttgtgtctcccaacaacataccggtaacaacagtaaatggcaccggagcaggg
attgaaatcatatatgttttgatattcatcatatttgcacctaagaaggaaaaaatcaaaatctttgccctattcacc
ttggtactgtctgtgttctctgctgttgtttttgtctccctctttgccttccatggcaatcataggaaggccttctgcggctt
tgccatggctatattttccgtcatcatgtatggttctccactctcaattatgagattagtgatcaaaaccaagagtgt
ggagttcatgccattcttcttgtcgctgtttgtgtttctttgcggcagttcatggtttatattcggtctgctaggccgtgac
ctatttgttgctgtacctaatggtcttggttctgttttggggacaatgcaactaatattgtatttcatataccgtgacaa
caaaggtagtccaaaacagcaggaaccaacagaaggggaatcaatggagatgggtaatggaaaaaacc
atcaaatgaaacagtcttatgaaaatgaaattcaaggatga
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Figure S2.  MtSWEET1b truncated transcripts detected in sweet1b-1 and 
sweet1b-2, and protein transmembrane domain prediction. (a) Representation 
of the deletion regions in the MtSWEET1b transcripts detected in sweet1b-1 and 
sweet1b-2. The 96 bp red colour region is deleted in the sweet1b-1 (NF1309) 
mutant. The 132 bp blue coloured sequences are deleted in the sweet1b-2 (NF3539) 
mutant. (b) Protein transmembrane structure prediction of wild-type MtSWEET1b 
and truncated MtSWEET1b proteins predicted for sweet1b-1 and sweet1b-2. 
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et al., 2017; Luginbuehl et al., 2017; Keymer et al., 2017). However, 
previously it has been shown that the host also provides sugars as carbon 
source, although the mechanism by which sugars are transported to 
the fungus is unclear (Rich et al., 2017; Wang et al., 2017; Roth and 
Paszkowski, 2017). Therefore, in this study we investigated the role of 
SWEET sugar transporters. 

While it is clear that fatty acids are transported from the host to the 
AM fungus, several studies have indicated that hexoses, predominantly 
glucose, are also taken up by the fungus inside the root. For example, 
isotope-labelled sugars added to mycorrhized roots in combination with 
detailed nuclear magnetic resonance (NMR) spectroscopic analyses 
indicated that glucose is directly transferred from the host to the fungus 
(Shachar-Hill et al., 1995; Solaiman and Saito, 1997; Pfeffer et al., 1999; 
Bago et al., 2003; Bago et al., 2000). This implies that sugar may be 
transported via plasma membrane-localized transporters to the apoplast 
of cortical cells where it is taken up by the intraradical hyphae, or sugar 
is sent across the peri-arbuscular membrane for uptake by the arbuscule. 
Consistent with these speculations, a high affinity monosaccharide AM 
fungal transporter MST2 from Rhizophagus irregularis has been found to 
be most highly expressed in arbuscules, and this gene is essential for a 
successful symbiosis (Helber et al., 2011). However, currently no plant 
sugar transporter has been identified to be involved in sugar transport to 
the fungus.

In plants the main transporters involved in sugar efflux are members of 
the SWEET family (Sugar Will Eventually be Exported Transporter) (Chen 
et al., 2010; Chen, 2014; Eom et al., 2015). Other sugar transporters, 
such as sucrose and monosaccharide transporters, are in general 
functioning in sugar influx/uptake into plants cells (Chen et al., 2015). 
SWEET transporters are considered to function as sucrose or hexose 
uniporters, facilitating sugar transport from high to low concentration 
(Chen et al., 2010; Chen, 2014). Distinct SWEET members have been 
shown to be involved in different sugar-efflux related processes, such 
as sucrose loading into the phloem, pollen nutrition by the tapetum or 
nectar secretion (Chen et al., 2012; Chen, 2014; Lin et al., 2014b). 
Furthermore, several SWEET encoding genes are transcriptionally 
induced by biotrophic bacteria or fungi, which actively manipulate the 
accumulation of SWEET proteins to obtain carbon from the plant (Chen 
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Figure S7. Relative expression of MtSWEET1b, RiEF and MtPT4 in a second 
independent MtSWEET1b overexpression experiment. (a-c) The expression 
levels of MtSWEETb (a), RiEF (b) and MtPT4 (c) in M. truncatula roots expressing 
MtPT4pro:MtSWEET1b and empty vector control roots were measured by qRT-PCR 
at 5 wpi with R. irregularis. EV, empty vector lines. OE, MtPT4pro:MtSWEET1b lines. 
MtEF1α was used as reference gene. Relative expression levels were normalized 
against the EV lines using the 2-ΔΔCt method. Data are represented as the mean 
±SD of five biological replicates . ** P < 0.01, * P < 0.05, Student’s t-test.

153

5

A SWEET transporter implicated in AM symbiosis

>MtSWEET1b coding sequences
atgcatgttgcacatcttttgtttggcatatttgggaatgcttctgctttgttcctcttcttggcacctgtgattacattcaa
gaggattatagtcaacaaatccacagagaaattttcaggcttaccatatgttatgactctgctcaattgtctcctttc
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ttggtactgtctgtgttctctgctgttgtttttgtctccctctttgccttccatggcaatcataggaaggccttctgcggctt
tgccatggctatattttccgtcatcatgtatggttctccactctcaattatgagattagtgatcaaaaccaagagtgt
ggagttcatgccattcttcttgtcgctgtttgtgtttctttgcggcagttcatggtttatattcggtctgctaggccgtgac
ctatttgttgctgtacctaatggtcttggttctgttttggggacaatgcaactaatattgtatttcatataccgtgacaa
caaaggtagtccaaaacagcaggaaccaacagaaggggaatcaatggagatgggtaatggaaaaaacc
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Figure S2.  MtSWEET1b truncated transcripts detected in sweet1b-1 and 
sweet1b-2, and protein transmembrane domain prediction. (a) Representation 
of the deletion regions in the MtSWEET1b transcripts detected in sweet1b-1 and 
sweet1b-2. The 96 bp red colour region is deleted in the sweet1b-1 (NF1309) 
mutant. The 132 bp blue coloured sequences are deleted in the sweet1b-2 (NF3539) 
mutant. (b) Protein transmembrane structure prediction of wild-type MtSWEET1b 
and truncated MtSWEET1b proteins predicted for sweet1b-1 and sweet1b-2. 
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Abstract

Plants form a mutualistic symbiosis with arbuscular mycorrhizal (AM) 
fungi, which facilitates the acquisition of scarce minerals from the soil. 
In return, the host plants provide sugars and lipids to its fungal partner. 
However, the mechanism by which the AM fungi obtain sugars from the 
plant has remained elusive. In this study we investigated the role of 
potential SWEET family sugar exporters in AM symbiosis in Medicago 
truncatula. We show that M. truncatula SWEET1b transporter is strongly 
upregulated in arbuscule-containing cells compared to roots and localizes 
to the peri-arbuscular membrane, across which nutrient exchange takes 
place. Heterologous expression of MtSWEET1b in a yeast hexose transport 
mutant showed that it mainly transports glucose. Overexpression of 
MtSWEET1b in M. truncatula roots promoted the growth of intraradical 
mycelium during AM symbiosis. Surprisingly, two independent Mtsweet1b 
mutants, which are predicted to produce truncated protein variants 
impaired in glucose transport, exhibited no significant defects in AM 
symbiosis. However, arbuscule-specific overexpression of MtSWEET1bY57A/

G58D, which are considered to act in a dominant-negative manner, resulted 
in enhanced collapse of arbuscules. Taken together, our results reveal a 
(redundant) role for MtSWEET1b in the transport of glucose across the 
peri-arbuscular membrane to maintain arbuscules for a healthy mutually 
beneficial symbiosis.

Introduction

The vast majority of land plants engage in a mutualistic endosymbiosis 
with arbuscular mycorrhizal (AM) fungi to acquire mineral nutrients from 
soil, especially phosphorus and nitrogen (Smith and Smith, 2011). In 
return, host plants provide organic carbon to AM fungi for their survival 
and reproduction (Smith and Read, 2008). During the AM symbiosis, 
hyphae of AM fungi enter root inner cortical cells where they form highly 
branched hyphal structures, called arbuscules. The arbuscule is surrounded 
by a specialized host membrane, the peri-arbuscular membrane, which 
facilitates the exchange of nutrients (Gutjahr and Parniske, 2013). 
Recently it has been shown that fatty acids are transported from the host 
to the fungus, likely serving as a major nutritive carbon source (Jiang 
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MtSWEET1b

Mtsweet1b-2

Figure S9. Functional analysis of sweet1b-2 by complementation of the yeast 
hexose deficiency mutant strain EBY.VW4000. The yeast hexose transport 
defective strain EBY.VW4000 was transformed with pDRf-1 empty vector, pDRf-1-
MtSWEET1b, and pDRf-1-Mtsweet1b-2 (132bp deletion), respectively. The images 
show the growth ability of the transformed EBY.VW4000 strains on SD media 
containing 2% maltose or 2% glucose at 30°C after 3 days. Empty vector and wild-
type MtSWEET1b transformed yeast were used as negative and positive control, 
respectively. In each image, the yeast strain was diluted to an OD600 of 0.2 and 
subsequently 1×, 5×, 25× and 125× dilutions were spotted.
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Figure S10. Expression levels of M. truncatula SWEET family genes in 
mycorrhized roots of wild type R108 and sweet1b-1. Roots were harvested at 5 
wpi with R. irregularis. MtEF1α was used as reference gene. Expression values were 
normalized against the level in wild-type R108 AM roots with the 2-ΔΔCt method. The 
annealing sites of the qRT-PCR primers for MtSWEET1b used in this experiment are 
perserved in the truncated transcript in sweet1b-1. Data are represented as the mean 
±SD of biological replicates and each biological sample (n) contained 3 technical 
replicates. n (SWEET1b, SWEET3a/b, SWEET12, SWEET15c, SWEET15d)R108 
= 7, n (SWEET1b, SWEET3a/b, SWEET12, SWEET15c, SWEET15d)sweet1b-1 = 
9, n (others) = 2. 
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et al., 2017; Luginbuehl et al., 2017; Keymer et al., 2017). However, 
previously it has been shown that the host also provides sugars as carbon 
source, although the mechanism by which sugars are transported to 
the fungus is unclear (Rich et al., 2017; Wang et al., 2017; Roth and 
Paszkowski, 2017). Therefore, in this study we investigated the role of 
SWEET sugar transporters. 

While it is clear that fatty acids are transported from the host to the 
AM fungus, several studies have indicated that hexoses, predominantly 
glucose, are also taken up by the fungus inside the root. For example, 
isotope-labelled sugars added to mycorrhized roots in combination with 
detailed nuclear magnetic resonance (NMR) spectroscopic analyses 
indicated that glucose is directly transferred from the host to the fungus 
(Shachar-Hill et al., 1995; Solaiman and Saito, 1997; Pfeffer et al., 1999; 
Bago et al., 2003; Bago et al., 2000). This implies that sugar may be 
transported via plasma membrane-localized transporters to the apoplast 
of cortical cells where it is taken up by the intraradical hyphae, or sugar 
is sent across the peri-arbuscular membrane for uptake by the arbuscule. 
Consistent with these speculations, a high affinity monosaccharide AM 
fungal transporter MST2 from Rhizophagus irregularis has been found to 
be most highly expressed in arbuscules, and this gene is essential for a 
successful symbiosis (Helber et al., 2011). However, currently no plant 
sugar transporter has been identified to be involved in sugar transport to 
the fungus.

In plants the main transporters involved in sugar efflux are members of 
the SWEET family (Sugar Will Eventually be Exported Transporter) (Chen 
et al., 2010; Chen, 2014; Eom et al., 2015). Other sugar transporters, 
such as sucrose and monosaccharide transporters, are in general 
functioning in sugar influx/uptake into plants cells (Chen et al., 2015). 
SWEET transporters are considered to function as sucrose or hexose 
uniporters, facilitating sugar transport from high to low concentration 
(Chen et al., 2010; Chen, 2014). Distinct SWEET members have been 
shown to be involved in different sugar-efflux related processes, such 
as sucrose loading into the phloem, pollen nutrition by the tapetum or 
nectar secretion (Chen et al., 2012; Chen, 2014; Lin et al., 2014b). 
Furthermore, several SWEET encoding genes are transcriptionally 
induced by biotrophic bacteria or fungi, which actively manipulate the 
accumulation of SWEET proteins to obtain carbon from the plant (Chen 
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Figure S9. Functional analysis of sweet1b-2 by complementation of the yeast 
hexose deficiency mutant strain EBY.VW4000. The yeast hexose transport 
defective strain EBY.VW4000 was transformed with pDRf-1 empty vector, pDRf-1-
MtSWEET1b, and pDRf-1-Mtsweet1b-2 (132bp deletion), respectively. The images 
show the growth ability of the transformed EBY.VW4000 strains on SD media 
containing 2% maltose or 2% glucose at 30°C after 3 days. Empty vector and wild-
type MtSWEET1b transformed yeast were used as negative and positive control, 
respectively. In each image, the yeast strain was diluted to an OD600 of 0.2 and 
subsequently 1×, 5×, 25× and 125× dilutions were spotted.
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Figure S10. Expression levels of M. truncatula SWEET family genes in 
mycorrhized roots of wild type R108 and sweet1b-1. Roots were harvested at 5 
wpi with R. irregularis. MtEF1α was used as reference gene. Expression values were 
normalized against the level in wild-type R108 AM roots with the 2-ΔΔCt method. The 
annealing sites of the qRT-PCR primers for MtSWEET1b used in this experiment are 
perserved in the truncated transcript in sweet1b-1. Data are represented as the mean 
±SD of biological replicates and each biological sample (n) contained 3 technical 
replicates. n (SWEET1b, SWEET3a/b, SWEET12, SWEET15c, SWEET15d)R108 
= 7, n (SWEET1b, SWEET3a/b, SWEET12, SWEET15c, SWEET15d)sweet1b-1 = 
9, n (others) = 2. 
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Abstract

Plants form a mutualistic symbiosis with arbuscular mycorrhizal (AM) 
fungi, which facilitates the acquisition of scarce minerals from the soil. 
In return, the host plants provide sugars and lipids to its fungal partner. 
However, the mechanism by which the AM fungi obtain sugars from the 
plant has remained elusive. In this study we investigated the role of 
potential SWEET family sugar exporters in AM symbiosis in Medicago 
truncatula. We show that M. truncatula SWEET1b transporter is strongly 
upregulated in arbuscule-containing cells compared to roots and localizes 
to the peri-arbuscular membrane, across which nutrient exchange takes 
place. Heterologous expression of MtSWEET1b in a yeast hexose transport 
mutant showed that it mainly transports glucose. Overexpression of 
MtSWEET1b in M. truncatula roots promoted the growth of intraradical 
mycelium during AM symbiosis. Surprisingly, two independent Mtsweet1b 
mutants, which are predicted to produce truncated protein variants 
impaired in glucose transport, exhibited no significant defects in AM 
symbiosis. However, arbuscule-specific overexpression of MtSWEET1bY57A/

G58D, which are considered to act in a dominant-negative manner, resulted 
in enhanced collapse of arbuscules. Taken together, our results reveal a 
(redundant) role for MtSWEET1b in the transport of glucose across the 
peri-arbuscular membrane to maintain arbuscules for a healthy mutually 
beneficial symbiosis.

Introduction

The vast majority of land plants engage in a mutualistic endosymbiosis 
with arbuscular mycorrhizal (AM) fungi to acquire mineral nutrients from 
soil, especially phosphorus and nitrogen (Smith and Smith, 2011). In 
return, host plants provide organic carbon to AM fungi for their survival 
and reproduction (Smith and Read, 2008). During the AM symbiosis, 
hyphae of AM fungi enter root inner cortical cells where they form highly 
branched hyphal structures, called arbuscules. The arbuscule is surrounded 
by a specialized host membrane, the peri-arbuscular membrane, which 
facilitates the exchange of nutrients (Gutjahr and Parniske, 2013). 
Recently it has been shown that fatty acids are transported from the host 
to the fungus, likely serving as a major nutritive carbon source (Jiang 
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Figure S11. Protein sequence alignment of MtSWEET1b and AtSWEET1. Two 
conserved amino acid residues (57Y and 58G) required for sugar transport activity 
are highlighted by a red box.

Figure S12. Functional analysis of MtSWEET1bY57A/G58D mutants by 
complementation of yeast hexose deficiency mutant strain EBY.VW4000. 
The yeast hexose transport defective strain EBY.VW4000 was transformed with 
pDRf-1 empty vector, pDRf-1-MtSWEET1b, pDRf-1-Y57A-MtSWEET1b and pDRf-
1-G58D-MtSWEET1b, respectively. The images show the growth ability on SD 
media containing 2% maltose or 2% glucose at 30°C for 3 days. Empty vector 
and MtSWEET1b transformed yeast were used as negative and positive control, 
respectively. In each image, the yeast strain was diluted to an OD600 of 0.2 and 
subsequently spotted at 1×, 5×, 25×, 125× dilutions with sterile water.
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Figure S13. Subcellular localization of Y57A-MtSWEET1b-GFP and G58D-
MtSWEET1b-GFP in arbuscule-containing cells. (a-f) Confocal microscopy 
images of M. truncatula roots expressing MtPT4pro:Y57A-MtSWEET1b-GFP (a-
c) or MtPT4pro:G58D-MtSWEET1b-GFP (d-f) inoculated with R. irregularis. GFP 
fluorescence of Y57A-MtSWEET1b-GFP (a) and G58D-MtSWEET1b-GFP (d) 
is present on the peri-arbuscular membrane. (b and e) Corresponding brightfield 
images. (c and f) Merged green and red channels. Red fluorescence in the cytoplasm 
was from the DsRed protein expressed under the control of the A. thaliana Ubiquitin3 
promoter. Bars = 8 μm.

Figure S14. Independent repetition of the overexpression of MtSWEET1bY57A/
G58D dominant-negative constructs. (a-b) Mycorrhizal colonization levels (a) 
and arbuscule abundances (b) in dominant-negative and empty vector control lines. 
Roots were harvested at 6 wpi with R. irregularis. Data are represented as the mean 
±SD of biological replicates; n (empty vector) = 5; n (pPT4:Y57A-MtSWEET1b) = 
10; n (pPT4:G58D-MtSWEET1b) = 8. Good/mature (m) and degeneration/dead (d) 
arbuscule abundance. ma%, good/mature arbuscule abundance in mycorrhized 
roots; mA%, good/mature arbuscule abundance in whole roots; da%, degeneration/
dead arbuscule abundance in mycorrhized roots; dA%, degeneration/dead 
arbuscule abundance in whole roots. * P < 0.05; ** P < 0.01, Student’s t-test.
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Figure S11. Protein sequence alignment of MtSWEET1b and AtSWEET1. Two 
conserved amino acid residues (57Y and 58G) required for sugar transport activity 
are highlighted by a red box.

Figure S12. Functional analysis of MtSWEET1bY57A/G58D mutants by 
complementation of yeast hexose deficiency mutant strain EBY.VW4000. 
The yeast hexose transport defective strain EBY.VW4000 was transformed with 
pDRf-1 empty vector, pDRf-1-MtSWEET1b, pDRf-1-Y57A-MtSWEET1b and pDRf-
1-G58D-MtSWEET1b, respectively. The images show the growth ability on SD 
media containing 2% maltose or 2% glucose at 30°C for 3 days. Empty vector 
and MtSWEET1b transformed yeast were used as negative and positive control, 
respectively. In each image, the yeast strain was diluted to an OD600 of 0.2 and 
subsequently spotted at 1×, 5×, 25×, 125× dilutions with sterile water.
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Figure S13. Subcellular localization of Y57A-MtSWEET1b-GFP and G58D-
MtSWEET1b-GFP in arbuscule-containing cells. (a-f) Confocal microscopy 
images of M. truncatula roots expressing MtPT4pro:Y57A-MtSWEET1b-GFP (a-
c) or MtPT4pro:G58D-MtSWEET1b-GFP (d-f) inoculated with R. irregularis. GFP 
fluorescence of Y57A-MtSWEET1b-GFP (a) and G58D-MtSWEET1b-GFP (d) 
is present on the peri-arbuscular membrane. (b and e) Corresponding brightfield 
images. (c and f) Merged green and red channels. Red fluorescence in the cytoplasm 
was from the DsRed protein expressed under the control of the A. thaliana Ubiquitin3 
promoter. Bars = 8 μm.

Figure S14. Independent repetition of the overexpression of MtSWEET1bY57A/
G58D dominant-negative constructs. (a-b) Mycorrhizal colonization levels (a) 
and arbuscule abundances (b) in dominant-negative and empty vector control lines. 
Roots were harvested at 6 wpi with R. irregularis. Data are represented as the mean 
±SD of biological replicates; n (empty vector) = 5; n (pPT4:Y57A-MtSWEET1b) = 
10; n (pPT4:G58D-MtSWEET1b) = 8. Good/mature (m) and degeneration/dead (d) 
arbuscule abundance. ma%, good/mature arbuscule abundance in mycorrhized 
roots; mA%, good/mature arbuscule abundance in whole roots; da%, degeneration/
dead arbuscule abundance in mycorrhized roots; dA%, degeneration/dead 
arbuscule abundance in whole roots. * P < 0.05; ** P < 0.01, Student’s t-test.
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AM fungi (AMF) have the striking ability to establish an endosymbiosis 
with the vast majority of all land plants. How AM fungi evolved to colonize 
such a wide range of hosts is a fundamental question in AM biology. Two 
aspects are critical in this regard. First, the fungus has to deal with the 
host immune system to prevent a strong defense response. Second, the 
fungus has to offer crucial benefits to its hosts otherwise the interaction 
would be selected against and the symbiosis would not be maintained. 
Most molecular insights into these aspects have been obtained from the 
plant side. However, with the recent availability of the first AM fungal 
genome sequence, substantial progress has been made to get insight 
into the fungal aspects of this interaction. In this thesis I have used 
(cell-specific) transcriptome analyses to obtain insight into both fungal 
and plant components that are regulated in a host- and stage- (or cell-
specific) manner. In this chapter I will discuss our recent insights in 
the light of two main questions, namely, 1) how do AM fungi deal with 
the plant immune system and 2) how is (reciprocal) nutrient exchange 
controlled. 

How do AM fungi evade the plants immune system? 

Like other fungi, AMF have common fungal microbe-associated molecular 
patterns (MAMPs) such as chitin and β-glucan in their cell walls, which 
are known triggers of innate immune responses in plants (Rovenich et 
al., 2016; Fesel and Zuccaro, 2016). Indeed, AMF (or culture filtrates) 
have been shown to initially trigger defense responses in the plant, 
which are subsequently rapidly quenched (García-Garrido and Ocampo, 
2002). This indicates the release of fungal components that subvert the 
plant immune system. In addition to an active influence on the immune 
system, AM fungi generally lack genes encoding cell wall degrading 
enzymes to avoid the generation of damage-associated molecules that 
trigger defense (Tisserant et al., 2013). Therefore, AM fungi rely on their 
hosts to degrade the cell wall in a controlled manner to facilitate root 
colonization. Loss of cell wall degrading enzymes seems to be a general 
strategy used by mutualistic fungi that colonize plants (Kohler et al., 
2015). Below, I summarize several ideas of how AM fungi may subvert 
the host immune system.
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Symbiotic signaling and defense

To initiate the symbiosis, AM fungi release chitin-like signal molecules 
called myc-factors. These include both lipo-chitooligosaccharides (LCOs) 
and short-chain chito-oligosaccharides (COs, such as CO4) (Maillet et 
al., 2011; Genre et al., 2013) and both are thought to be perceived by 
complexes of LysM-domain containing receptor-like kinases (LysM-RLKs). 
One of the key outputs of symbiotic LysM-RLK activation, in complex 
with another LRR-RLK called SYMRK/DMI2 (Ried et al., 2014), is the 
induction of calcium oscillations in the nucleus. These are decoded by a 
calcium- and calmodulin dependent kinase (CCaMK), which is required 
to activate a symbiosis-specific transcriptional program (for details see 
Chapter 1). LysM-RLK’s are part of a gene family whose members are 
implicated in both immune signaling as well as symbiotic signaling. 
Several data indicate that both LCO’s and short chain COs can suppress 
immune responses. For example, it was reported that symbiotic LCOs 
and short-chain COs are able to suppress chitin- and flg22-triggered 
immune responses in the non-host Arabidopsis (Liang et al., 2013).  
Also, LCO pre-treatment was shown to suppress ROS production induced 
by an Aphanomyces euteiches culture filtrate in Medicago, although it 
was not sufficient to block other immune responses (Rey et al., 2018). 
How symbiotic signaling interacts with plant immunity remains elusive. 
However, there are several possibilities. For instance, LCO or short-chain 
CO perception may use the same co-receptors as fungal MAMPs such 
as chitin and thereby compete for receptor recruitment. In rice, chitin 
is perceived by a complex of the LysM receptor OsCERK1 and OsCEBiP 
to trigger downstream signaling. While rice cebip mutants are only 
impaired in chitin-triggered immunity, cerk1 mutants show defect in both 
chitin-triggered immunity and mycorrhization, indicating that OsCERK1 
plays a dual role in both immune and symbiotic signaling (Zhang et al., 
2015a; Miyata et al., 2014). Therefore, LCOs and short-chain COs may 
outcompete long-chain COs to recruit CERK1 in a symbiotic complex, 
and thereby interfere with immune responses. Second, ligand perception 
can also lead to the endocytosis and turn-over of co-receptors, by which 
defense signaling is attenuated. In addition to direct effects of LCOs/COs 
on the receptor complexes, interference with immune responses may 
also occur more downstream. It has been shown that symbiotic signaling 
affects hormone balances in the root (Liao et al., 2018). Nearly all plant 
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hormones have been implicated in AM symbiosis, including the major 
defense hormones salicylic acid (SA), jasmonic acid and ethylene, so it 
is possible that symbiotic signaling affects immune responses through 
hormonal cross-talk (Limpens et al., 2015). In line with this, it has for 
example been shown that SA levels in the roots of tomato depend on 
the compatibility of the AM fungal species (López-Ráez et al., 2010). A 
continued raise in SA levels in case of an incompatible interaction may 
in part be due to a deficiency in the activation of the common symbiosis 
signaling pathway, as studies with CCaMK mutants in pea have suggested 
that repression of SA levels requires CCaMK activation (Blilou et al., 
1999).

Given the potential role of LCOs to suppress host immune responses it 
is striking that there are currently no indications that pathogenic fungi 
make use of these molecules for pathogenicity (Huisman et al., 2015). 
This suggests that interference with immune responses may not be the 
original function of LCOs as suggested by Liang et al. (2013), but that 
many of the defense-suppressive effects are indirect.  

Effectors

Effectors have long been known to play a crucial role in pathogenic 
plant-microbe interactions. Pathogens secrete effectors for example to 
suppress host immunity, to manipulate host metabolism or to change 
host cells to facilitate infection (Giraldo et al., 2013; Chaudhary et al., 
2014; Lo Presti et al., 2015; Doehlemann et al., 2014). It recently became 
clear that also symbionts of plants utilize effectors to achieve successful 
symbioses (Chapter 1). The first described effector protein from AM 
fungi was reported in 2011 by Kloppholz and colleagues. This effector 
from R. irregularis, called SP7, was shown to translocate to the host 
nucleus and to interact with an ERF19 transcription factor to suppress 
plant immunity and to maintain a biotrophic interaction (Kloppholz et al., 
2011). Our stage-dependent secretome analyses indicated that SP7 is 
mainly expressed in the extraradical mycelium upon epidermal contact, 
after which it is rapidly downregulated when the fungus has penetrated 
the root (Chapter 2). This indicates that the proposed role in suppression 
of ERF19-mediated immune responses will be limited to the epidermis. It 
also suggests that other effectors may be required during the intraradical 
stages of the interaction. A recent study predicted that SP7 has different 
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affinities for ERF19 orthologs in different plant species and it was proposed 
that SP7 may contribute to AM symbiosis in a host-dependent manner 
(Prasad Singh et al., 2019). In line with this, we observed that SP7 was 
much higher induced in Chives and Medicago compared to Nicotiana 
(Chapter2, Table S4). 

Recently, it was further suggested that repetitive effector proteins 
such as SP7 may in fact be processed in the fungus into small effector 
peptides because potential KEX2 protease cleavage sites were identified 
in several putative effector proteins including SP7 (Kamel et al., 2017). 
Effector processing by KEX2 is known to be used by the maize smut 
fungus Ustilago maydis to generate peptides that regulate pathogenesis 
(Mueller et al., 2008; Müller et al., 2008). But evidence for processing 
of SP7 is currently lacking. Nevertheless, the involvement of KEX2 in 
AM symbiosis was recently shown. AM fungi were shown to produce 
CLAVATA3 (CLV3)/EMBRYO SURROUNDING REGION-related (CLE) 
proteins that can be further processed by KEX2 to generate mature 
CLE peptides (Le Marquer et al., 2019). CLE peptides are a family of 
plant peptide hormones which regulate a broad aspect of biological 
programs including shoot meristem development, vascular development, 
lateral root emergence and systemic signaling of nitrogen status or the 
rhizobium-legume symbiosis (Yamaguchi et al., 2016). In line with the 
hormonal role of these CLE peptides, application of synthetic AM fungal 
CLE peptides affected Medicago root architecture, by stimulating lateral 
root development and inhibiting primary root growth (Le Marquer et 
al., 2019). RiCLE1 (RirG208980) showed induced expression across all 
studied hosts (Chapter2, Table S4), suggesting a conserved function in 
multiple hosts. However strikingly, we did not see RiCLE significantly 
induced inside the plant in our analyses (Chapter2, table S6), suggesting 
that RiCLE may either function transiently or function in stages that are 
missing from our analyses.

Genomic analyses revealed several effectors containing a LxLFLAK 
domain in R. irregularis (Lin et al., 2014a; Voß et al., 2018). Effectors 
carrying LxLFLAK domains, also known as Crinkler (CRN) effectors, 
were widely described in oomycetes such as Phytophthora (Schornack 
et al., 2010; Stassen and Van den Ackerveken, 2011). The N-terminal 
CRN domain was shown to be required for the translocation of CRNs into 
plant cells (Schornack et al., 2010). There,  CRNs can regulate diverse 
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Symbiotic signaling and defense
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How symbiotic signaling interacts with plant immunity remains elusive. 
However, there are several possibilities. For instance, LCO or short-chain 
CO perception may use the same co-receptors as fungal MAMPs such 
as chitin and thereby compete for receptor recruitment. In rice, chitin 
is perceived by a complex of the LysM receptor OsCERK1 and OsCEBiP 
to trigger downstream signaling. While rice cebip mutants are only 
impaired in chitin-triggered immunity, cerk1 mutants show defect in both 
chitin-triggered immunity and mycorrhization, indicating that OsCERK1 
plays a dual role in both immune and symbiotic signaling (Zhang et al., 
2015a; Miyata et al., 2014). Therefore, LCOs and short-chain COs may 
outcompete long-chain COs to recruit CERK1 in a symbiotic complex, 
and thereby interfere with immune responses. Second, ligand perception 
can also lead to the endocytosis and turn-over of co-receptors, by which 
defense signaling is attenuated. In addition to direct effects of LCOs/COs 
on the receptor complexes, interference with immune responses may 
also occur more downstream. It has been shown that symbiotic signaling 
affects hormone balances in the root (Liao et al., 2018). Nearly all plant 
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hormones have been implicated in AM symbiosis, including the major 
defense hormones salicylic acid (SA), jasmonic acid and ethylene, so it 
is possible that symbiotic signaling affects immune responses through 
hormonal cross-talk (Limpens et al., 2015). In line with this, it has for 
example been shown that SA levels in the roots of tomato depend on 
the compatibility of the AM fungal species (López-Ráez et al., 2010). A 
continued raise in SA levels in case of an incompatible interaction may 
in part be due to a deficiency in the activation of the common symbiosis 
signaling pathway, as studies with CCaMK mutants in pea have suggested 
that repression of SA levels requires CCaMK activation (Blilou et al., 
1999).

Given the potential role of LCOs to suppress host immune responses it 
is striking that there are currently no indications that pathogenic fungi 
make use of these molecules for pathogenicity (Huisman et al., 2015). 
This suggests that interference with immune responses may not be the 
original function of LCOs as suggested by Liang et al. (2013), but that 
many of the defense-suppressive effects are indirect.  

Effectors

Effectors have long been known to play a crucial role in pathogenic 
plant-microbe interactions. Pathogens secrete effectors for example to 
suppress host immunity, to manipulate host metabolism or to change 
host cells to facilitate infection (Giraldo et al., 2013; Chaudhary et al., 
2014; Lo Presti et al., 2015; Doehlemann et al., 2014). It recently became 
clear that also symbionts of plants utilize effectors to achieve successful 
symbioses (Chapter 1). The first described effector protein from AM 
fungi was reported in 2011 by Kloppholz and colleagues. This effector 
from R. irregularis, called SP7, was shown to translocate to the host 
nucleus and to interact with an ERF19 transcription factor to suppress 
plant immunity and to maintain a biotrophic interaction (Kloppholz et al., 
2011). Our stage-dependent secretome analyses indicated that SP7 is 
mainly expressed in the extraradical mycelium upon epidermal contact, 
after which it is rapidly downregulated when the fungus has penetrated 
the root (Chapter 2). This indicates that the proposed role in suppression 
of ERF19-mediated immune responses will be limited to the epidermis. It 
also suggests that other effectors may be required during the intraradical 
stages of the interaction. A recent study predicted that SP7 has different 
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affinities for ERF19 orthologs in different plant species and it was proposed 
that SP7 may contribute to AM symbiosis in a host-dependent manner 
(Prasad Singh et al., 2019). In line with this, we observed that SP7 was 
much higher induced in Chives and Medicago compared to Nicotiana 
(Chapter2, Table S4). 

Recently, it was further suggested that repetitive effector proteins 
such as SP7 may in fact be processed in the fungus into small effector 
peptides because potential KEX2 protease cleavage sites were identified 
in several putative effector proteins including SP7 (Kamel et al., 2017). 
Effector processing by KEX2 is known to be used by the maize smut 
fungus Ustilago maydis to generate peptides that regulate pathogenesis 
(Mueller et al., 2008; Müller et al., 2008). But evidence for processing 
of SP7 is currently lacking. Nevertheless, the involvement of KEX2 in 
AM symbiosis was recently shown. AM fungi were shown to produce 
CLAVATA3 (CLV3)/EMBRYO SURROUNDING REGION-related (CLE) 
proteins that can be further processed by KEX2 to generate mature 
CLE peptides (Le Marquer et al., 2019). CLE peptides are a family of 
plant peptide hormones which regulate a broad aspect of biological 
programs including shoot meristem development, vascular development, 
lateral root emergence and systemic signaling of nitrogen status or the 
rhizobium-legume symbiosis (Yamaguchi et al., 2016). In line with the 
hormonal role of these CLE peptides, application of synthetic AM fungal 
CLE peptides affected Medicago root architecture, by stimulating lateral 
root development and inhibiting primary root growth (Le Marquer et 
al., 2019). RiCLE1 (RirG208980) showed induced expression across all 
studied hosts (Chapter2, Table S4), suggesting a conserved function in 
multiple hosts. However strikingly, we did not see RiCLE significantly 
induced inside the plant in our analyses (Chapter2, table S6), suggesting 
that RiCLE may either function transiently or function in stages that are 
missing from our analyses.

Genomic analyses revealed several effectors containing a LxLFLAK 
domain in R. irregularis (Lin et al., 2014a; Voß et al., 2018). Effectors 
carrying LxLFLAK domains, also known as Crinkler (CRN) effectors, 
were widely described in oomycetes such as Phytophthora (Schornack 
et al., 2010; Stassen and Van den Ackerveken, 2011). The N-terminal 
CRN domain was shown to be required for the translocation of CRNs into 
plant cells (Schornack et al., 2010). There,  CRNs can regulate diverse 
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AM fungi (AMF) have the striking ability to establish an endosymbiosis 
with the vast majority of all land plants. How AM fungi evolved to colonize 
such a wide range of hosts is a fundamental question in AM biology. Two 
aspects are critical in this regard. First, the fungus has to deal with the 
host immune system to prevent a strong defense response. Second, the 
fungus has to offer crucial benefits to its hosts otherwise the interaction 
would be selected against and the symbiosis would not be maintained. 
Most molecular insights into these aspects have been obtained from the 
plant side. However, with the recent availability of the first AM fungal 
genome sequence, substantial progress has been made to get insight 
into the fungal aspects of this interaction. In this thesis I have used 
(cell-specific) transcriptome analyses to obtain insight into both fungal 
and plant components that are regulated in a host- and stage- (or cell-
specific) manner. In this chapter I will discuss our recent insights in 
the light of two main questions, namely, 1) how do AM fungi deal with 
the plant immune system and 2) how is (reciprocal) nutrient exchange 
controlled. 

How do AM fungi evade the plants immune system? 

Like other fungi, AMF have common fungal microbe-associated molecular 
patterns (MAMPs) such as chitin and β-glucan in their cell walls, which 
are known triggers of innate immune responses in plants (Rovenich et 
al., 2016; Fesel and Zuccaro, 2016). Indeed, AMF (or culture filtrates) 
have been shown to initially trigger defense responses in the plant, 
which are subsequently rapidly quenched (García-Garrido and Ocampo, 
2002). This indicates the release of fungal components that subvert the 
plant immune system. In addition to an active influence on the immune 
system, AM fungi generally lack genes encoding cell wall degrading 
enzymes to avoid the generation of damage-associated molecules that 
trigger defense (Tisserant et al., 2013). Therefore, AM fungi rely on their 
hosts to degrade the cell wall in a controlled manner to facilitate root 
colonization. Loss of cell wall degrading enzymes seems to be a general 
strategy used by mutualistic fungi that colonize plants (Kohler et al., 
2015). Below, I summarize several ideas of how AM fungi may subvert 
the host immune system.
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biological processes such as phosphorylation or host transcription to 
facilitate pathogenesis (van Damme et al., 2012; Song et al., 2015). 
Interestingly, AM fungi also use CRNs to regulate the symbiosis (Voß 
et al., 2018). Host-induced gene silencing of RiCRN1 reduced fungal 
colonization and arbuscule abundance. Strikingly, ectopic expression of 
RiCRN1 also led to defects in arbuscule development, coinciding with 
low expression of arbuscule-specific marker genes. These results suggest 
that the expression level of RiCRN1 should be tightly regulated, possibly 
at different stages of the interaction. Unfortunately, RiCRN1 is absent 
from the R. irregularis genome version that we used for this thesis (Lin 
et al., 2014a).However, RiCRN1 was partially annotated as a gene in the 
genome of Tisserant et al., 2013 (jgi.p|Gloin1|334513). RNAseq analysis 
to that genome assembly showed highest expression for this gene in 
germinating spores, and only very low expression in the intraradical 
stages, suggesting that RiCRN1 functions in early stages of the interaction, 
and/or that lower intraradical expression levels are important maintain 
proper arbuscule development. Such levels may differ between hosts as 
we observed that RiCRN1 was expressed about 2-fold higher in Chives 
compared to Medicago and Nicotiana. Although we made a significant 
effort to verify the gene models to annotate effector proteins in Chapter 
2, such annotations may still be improved by the continuing efforts to get 
better genome assemblies (Chen et al., 2018; Maeda et al., 2018). In this 
respect it would be highly recommendable that a consensus annotation of 
the R. irregularis genome would be used by the AM research community.

Another AM effector that was functionally implicated in the symbiosis 
is RiSIS1 (STRIGOLACTONE-INDUCED PUTATIVE SECRETED PROTEIN 1, 
Tsuzuki et al., 2016). RiSIS1 was originally identified as being induced 
in germinating spores treated with the synthetic strigolactone GR24 
(Tsuzuki et al., 2016). Strigolactones are well-known for their roles 
as plant growth regulators and stimulants for germination of parasitic 
plants as well as stimulants of hyphal branching of AM fungi (Waters 
et al., 2017; Akiyama et al., 2005). Our stage-dependent secretome 
indicates that RiSIS1 is most highly expressed in intraradical hyphae, 
to a lesser extent in arbuscules, and the least in extraradical mycelium 
or germinating spores (Chapter 2, Table S4 and S6). This may suggest 
that the fungus perceives higher levels of strigolactones when inside the 
root. Host-induced gene silencing of RiSIS1 significantly reduced hyphal 
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density and arbuscule abundance, suggesting that SIS1 plays a key role 
in the symbiosis (Tsuzuki et al., 2016). 

In addition to RiSIS1, we and others identified a putative effector carrying a 
single LysM domain, named RiSLM, that was one of the highest expressed 
effectors in the symbiosis with a wide range of host plants and was also 
shown to be induced by GR24 (Chapter 2 and 4; Tsuzuki et al., 2016; 
Schmitz et al., 2018). Interestingly, the expression profiles of RiSLM and 
RiSIS1 are highly correlated (Spearman correlation=0.92) across 101 
transcriptome data collected from different hosts/growing conditions/
tissue types either from in-house or public database (data not shown). 
Like RiSIS1, RiSLM also showed the highest expression in intraradical 
mycelium. Therefore it is tempting to speculate that they may be co-
regulated by the same transcription factor(s). Secreted LysM effectors 
are well known from fungal pathogens where they play important roles 
to evade chitin-triggered plant immunity. Such LysM effectors can protect 
fungal cell walls from the action of plant chitinases, and/or bind fungal 
cell wall derived COs to prevent induction of plant immune responses 
(Marshall et al., 2011; Mentlak et al., 2012; Lee et al., 2014; Takahara et 
al., 2016; Kombrink et al., 2017). In Chapter 4, we performed functional 
studies on RiSLM. Our results indicate that RiSLM is able to protect fungal 
cell walls against chitinases, and that it can also bind COs (particularly 
long-chain COs such as CO7 and CO8) to evade chitin-triggered plant 
immunity. However, the binding affinity between RiSLM and CO7 (9 µM) 
is significantly lower than the affinity reported for the pathogenic LysM 
effector ECP6 (280 pM) and only slightly higher than the reported affinity 
of plant chitin receptors such as LjLYS6 (26 µM) (Bozsoki et al., 2017; de 
Jonge et al., 2010). This suggests that RiSLM does not just sequester CO to 
prevent them from binding to their receptors. It was hypothesized fungal 
LysM effectors might also directly interact with plant chitin-receptors to 
interfere with receptor dimerization to impair chitin-triggered immunity. 
This was for example postulated based on the observation that only the 
second LysM domain of ECP6 is sufficient to suppress chitin-triggered 
immunity although it has much lower chitin-binding affinity (micromolar 
range) compared to the other two LysM domain (picomolar range). A 
preliminary experiment suggested that RiSLM can indeed interact 
with the (co)receptor MtLYR4 in a chitin-dependent manner (Limpens, 
unpublished data). However, additional experimentation is required to 
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Symbiotic signaling and defense

To initiate the symbiosis, AM fungi release chitin-like signal molecules 
called myc-factors. These include both lipo-chitooligosaccharides (LCOs) 
and short-chain chito-oligosaccharides (COs, such as CO4) (Maillet et 
al., 2011; Genre et al., 2013) and both are thought to be perceived by 
complexes of LysM-domain containing receptor-like kinases (LysM-RLKs). 
One of the key outputs of symbiotic LysM-RLK activation, in complex 
with another LRR-RLK called SYMRK/DMI2 (Ried et al., 2014), is the 
induction of calcium oscillations in the nucleus. These are decoded by a 
calcium- and calmodulin dependent kinase (CCaMK), which is required 
to activate a symbiosis-specific transcriptional program (for details see 
Chapter 1). LysM-RLK’s are part of a gene family whose members are 
implicated in both immune signaling as well as symbiotic signaling. 
Several data indicate that both LCO’s and short chain COs can suppress 
immune responses. For example, it was reported that symbiotic LCOs 
and short-chain COs are able to suppress chitin- and flg22-triggered 
immune responses in the non-host Arabidopsis (Liang et al., 2013).  
Also, LCO pre-treatment was shown to suppress ROS production induced 
by an Aphanomyces euteiches culture filtrate in Medicago, although it 
was not sufficient to block other immune responses (Rey et al., 2018). 
How symbiotic signaling interacts with plant immunity remains elusive. 
However, there are several possibilities. For instance, LCO or short-chain 
CO perception may use the same co-receptors as fungal MAMPs such 
as chitin and thereby compete for receptor recruitment. In rice, chitin 
is perceived by a complex of the LysM receptor OsCERK1 and OsCEBiP 
to trigger downstream signaling. While rice cebip mutants are only 
impaired in chitin-triggered immunity, cerk1 mutants show defect in both 
chitin-triggered immunity and mycorrhization, indicating that OsCERK1 
plays a dual role in both immune and symbiotic signaling (Zhang et al., 
2015a; Miyata et al., 2014). Therefore, LCOs and short-chain COs may 
outcompete long-chain COs to recruit CERK1 in a symbiotic complex, 
and thereby interfere with immune responses. Second, ligand perception 
can also lead to the endocytosis and turn-over of co-receptors, by which 
defense signaling is attenuated. In addition to direct effects of LCOs/COs 
on the receptor complexes, interference with immune responses may 
also occur more downstream. It has been shown that symbiotic signaling 
affects hormone balances in the root (Liao et al., 2018). Nearly all plant 
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biological processes such as phosphorylation or host transcription to 
facilitate pathogenesis (van Damme et al., 2012; Song et al., 2015). 
Interestingly, AM fungi also use CRNs to regulate the symbiosis (Voß 
et al., 2018). Host-induced gene silencing of RiCRN1 reduced fungal 
colonization and arbuscule abundance. Strikingly, ectopic expression of 
RiCRN1 also led to defects in arbuscule development, coinciding with 
low expression of arbuscule-specific marker genes. These results suggest 
that the expression level of RiCRN1 should be tightly regulated, possibly 
at different stages of the interaction. Unfortunately, RiCRN1 is absent 
from the R. irregularis genome version that we used for this thesis (Lin 
et al., 2014a).However, RiCRN1 was partially annotated as a gene in the 
genome of Tisserant et al., 2013 (jgi.p|Gloin1|334513). RNAseq analysis 
to that genome assembly showed highest expression for this gene in 
germinating spores, and only very low expression in the intraradical 
stages, suggesting that RiCRN1 functions in early stages of the interaction, 
and/or that lower intraradical expression levels are important maintain 
proper arbuscule development. Such levels may differ between hosts as 
we observed that RiCRN1 was expressed about 2-fold higher in Chives 
compared to Medicago and Nicotiana. Although we made a significant 
effort to verify the gene models to annotate effector proteins in Chapter 
2, such annotations may still be improved by the continuing efforts to get 
better genome assemblies (Chen et al., 2018; Maeda et al., 2018). In this 
respect it would be highly recommendable that a consensus annotation of 
the R. irregularis genome would be used by the AM research community.

Another AM effector that was functionally implicated in the symbiosis 
is RiSIS1 (STRIGOLACTONE-INDUCED PUTATIVE SECRETED PROTEIN 1, 
Tsuzuki et al., 2016). RiSIS1 was originally identified as being induced 
in germinating spores treated with the synthetic strigolactone GR24 
(Tsuzuki et al., 2016). Strigolactones are well-known for their roles 
as plant growth regulators and stimulants for germination of parasitic 
plants as well as stimulants of hyphal branching of AM fungi (Waters 
et al., 2017; Akiyama et al., 2005). Our stage-dependent secretome 
indicates that RiSIS1 is most highly expressed in intraradical hyphae, 
to a lesser extent in arbuscules, and the least in extraradical mycelium 
or germinating spores (Chapter 2, Table S4 and S6). This may suggest 
that the fungus perceives higher levels of strigolactones when inside the 
root. Host-induced gene silencing of RiSIS1 significantly reduced hyphal 
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density and arbuscule abundance, suggesting that SIS1 plays a key role 
in the symbiosis (Tsuzuki et al., 2016). 

In addition to RiSIS1, we and others identified a putative effector carrying a 
single LysM domain, named RiSLM, that was one of the highest expressed 
effectors in the symbiosis with a wide range of host plants and was also 
shown to be induced by GR24 (Chapter 2 and 4; Tsuzuki et al., 2016; 
Schmitz et al., 2018). Interestingly, the expression profiles of RiSLM and 
RiSIS1 are highly correlated (Spearman correlation=0.92) across 101 
transcriptome data collected from different hosts/growing conditions/
tissue types either from in-house or public database (data not shown). 
Like RiSIS1, RiSLM also showed the highest expression in intraradical 
mycelium. Therefore it is tempting to speculate that they may be co-
regulated by the same transcription factor(s). Secreted LysM effectors 
are well known from fungal pathogens where they play important roles 
to evade chitin-triggered plant immunity. Such LysM effectors can protect 
fungal cell walls from the action of plant chitinases, and/or bind fungal 
cell wall derived COs to prevent induction of plant immune responses 
(Marshall et al., 2011; Mentlak et al., 2012; Lee et al., 2014; Takahara et 
al., 2016; Kombrink et al., 2017). In Chapter 4, we performed functional 
studies on RiSLM. Our results indicate that RiSLM is able to protect fungal 
cell walls against chitinases, and that it can also bind COs (particularly 
long-chain COs such as CO7 and CO8) to evade chitin-triggered plant 
immunity. However, the binding affinity between RiSLM and CO7 (9 µM) 
is significantly lower than the affinity reported for the pathogenic LysM 
effector ECP6 (280 pM) and only slightly higher than the reported affinity 
of plant chitin receptors such as LjLYS6 (26 µM) (Bozsoki et al., 2017; de 
Jonge et al., 2010). This suggests that RiSLM does not just sequester CO to 
prevent them from binding to their receptors. It was hypothesized fungal 
LysM effectors might also directly interact with plant chitin-receptors to 
interfere with receptor dimerization to impair chitin-triggered immunity. 
This was for example postulated based on the observation that only the 
second LysM domain of ECP6 is sufficient to suppress chitin-triggered 
immunity although it has much lower chitin-binding affinity (micromolar 
range) compared to the other two LysM domain (picomolar range). A 
preliminary experiment suggested that RiSLM can indeed interact 
with the (co)receptor MtLYR4 in a chitin-dependent manner (Limpens, 
unpublished data). However, additional experimentation is required to 



160

CHAPTER 6

6

AM fungi (AMF) have the striking ability to establish an endosymbiosis 
with the vast majority of all land plants. How AM fungi evolved to colonize 
such a wide range of hosts is a fundamental question in AM biology. Two 
aspects are critical in this regard. First, the fungus has to deal with the 
host immune system to prevent a strong defense response. Second, the 
fungus has to offer crucial benefits to its hosts otherwise the interaction 
would be selected against and the symbiosis would not be maintained. 
Most molecular insights into these aspects have been obtained from the 
plant side. However, with the recent availability of the first AM fungal 
genome sequence, substantial progress has been made to get insight 
into the fungal aspects of this interaction. In this thesis I have used 
(cell-specific) transcriptome analyses to obtain insight into both fungal 
and plant components that are regulated in a host- and stage- (or cell-
specific) manner. In this chapter I will discuss our recent insights in 
the light of two main questions, namely, 1) how do AM fungi deal with 
the plant immune system and 2) how is (reciprocal) nutrient exchange 
controlled. 

How do AM fungi evade the plants immune system? 

Like other fungi, AMF have common fungal microbe-associated molecular 
patterns (MAMPs) such as chitin and β-glucan in their cell walls, which 
are known triggers of innate immune responses in plants (Rovenich et 
al., 2016; Fesel and Zuccaro, 2016). Indeed, AMF (or culture filtrates) 
have been shown to initially trigger defense responses in the plant, 
which are subsequently rapidly quenched (García-Garrido and Ocampo, 
2002). This indicates the release of fungal components that subvert the 
plant immune system. In addition to an active influence on the immune 
system, AM fungi generally lack genes encoding cell wall degrading 
enzymes to avoid the generation of damage-associated molecules that 
trigger defense (Tisserant et al., 2013). Therefore, AM fungi rely on their 
hosts to degrade the cell wall in a controlled manner to facilitate root 
colonization. Loss of cell wall degrading enzymes seems to be a general 
strategy used by mutualistic fungi that colonize plants (Kohler et al., 
2015). Below, I summarize several ideas of how AM fungi may subvert 
the host immune system.
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solidify this claim. It is intriguing that RiSLM can bind to myc-LCOs with 
higher affinities than that for CO7 (Chapter 4). Myc-LCOs can be either 
sulfated on the reducing GlcNAc residue or remain non-sulfated. Although 
binding of sulfated myc-LCOs by RiSLM did not inhibit symbiotic signaling, 
binding of non-sulfated LCOs severely impaired symbiotic gene induction 
in Medicago. It is known that Medicago as a legume, has evolved LysM-
RLKs that have a very high affinity for sulfated LCOs that are secreted 
by its rhizobial symbiont Sinorhizobium meliloti, while it is much less 
responsive to non-sulfated rhizobial LCOs (Philippe Roche et al., 1991; 
Lerouge et al., 1990). Myc-LCOs and rhizobial Nod factors of S. meliloti are 
very similar in structure (Maillet et al., 2011). Therefore the difference in 
affinity of the Medicago receptors for sulfated and non-sulfated LCOs may 
explain the different effects of RiSLM. However, since it has been shown 
that sulfated and non-sulfated myc-LCO induce different transcriptional 
responses in Medicago (Czaja et al., 2012) it cannot be ruled out that 
RiSLM affects symbiotic responses during colonization.  A direct role for 
RiSLM in symbiotic signaling is also suggested by the higher induction 
of symbiotic marker genes upon application of equimolar amounts of 
RiSLM and CO4 compared to CO4-only treatment in Medicago roots. It is 
potentially related to the various LysM-RLK receptor complexes involved 
as discussed above. This remains an interesting topic to be studied in the 
future. 

Decreased RiSLM expression in arbuscules compared to intraradical 
mycelium suggests that either arbuscule-containing cells show a 
low capacity for chitin-triggered immunity, or that AM fungi have an 
alternative strategy to suppress plant immunity in arbuscule cells (e.g. 
using different effectors). Based on our transcriptome data, we identified 
a set of effectors highly expressed specifically in arbuscule cells (Chapter 
2). Such effectors may play essential roles to suppress host immunity or 
to support arbuscule development, maintenance or function. Intriguingly, 
we also found three Medicago secreted LysM proteins/effectors that 
were highly and specifically expressed in arbuscule-containing cells. 
Phylogenetic analyses suggest those LysM effectors are conserved in AM 
host plants (Bai, Roswanjaya, Limpens, unpublished data). Surprisingly, 
those plant LysM effectors did not show a function in chitin-triggered 
plant immunity or symbiosis (Bai, Roswanjaya, Limpens, unpublished 
data). Further investigation is needed to unravel the function of these 

167

6

General discussion

arbuscule-specific plant LysM effectors. Among the arbuscule-specific 
fungal effector candidates, 14 nuclear-targeting effectors were predicted 
based on the presence of a plant nuclear localization signal. By transient 
expression in Nicotiana leaves, we observed that those effectors could 
indeed localize to the plant nucleus, with some even showing more specific 
accumulation in the nucleolus and subnuclear bodies. Nuclear targeting 
may suggest a function as transcriptional regulators or chromatin 
modifiers in arbuscule-containing plant cells. However, evidence for 
host-translocation in arbuscule-containing cells is currently lacking. 
Furthermore, how fungal effectors can enter the cells still remains unclear 
(Petre and Kamoun, 2014; Lo Presti and Kahmann, 2017). Fungi do not 
harbor effector delivery systems such as the bacterial type III secretion 
system, which is used to deliver bacterial effectors to the host cell. It 
was reported that some fungi or oomycete effector proteins contain 
motifs such as RxLR to mediate effector endocytosis by binding to cell 
membrane phosphatidylinositol-3-phosphate (Lo Presti and Kahmann, 
2017; Dou et al., 2008; Kale et al., 2010). This mechanism was also 
proposed for MiSSP7, as MiSSP7 contains a RxLR-like motif that also 
binds phosphatidylinositol-3-phosphate (Plett et al., 2011). However, a 
recent study indicated that the RxLR domain in Phytophthora infestans 
AVR3a is cleaved before secretion (Wawra et al., 2017), suggesting a role 
for the RxLR motif in effector secretion rather than host entry. Therefore, 
the role of RxLR motif in host entry remains controversial. We did not 
detect a common signature/domain in the putative R. irregularis effectors 
that may mediate host translocation. Recent studies revealed extensive 
vesicular structures in the peri-arbuscular space (Ivanov et al., 2019; Roth 
et al., 2019). Similar structures were observed in the interface between 
pathogenic fungal haustoria and plant cells (Lo Presti and Kahmann, 
2017). In the biotrophic interaction of Magnaporthe oryzae and rice, it 
was shown that effectors can also be delivered to the host cell via a 
process called unconventional secretion, which may involve the fusion 
of fungal exosomes to the host cells (Khang et al., 2010; Giraldo et al., 
2013). Also Phytophthora sojae and Verticillium dahliae were shown to 
secrete isochorismatases, which lack conventional signal peptides, in an 
unconventional manner to disrupt salicylate-mediated innate immunity 
(Liu et al., 2014). In this thesis, I only focused on effectors carrying a 
signal peptide.  More investigations are required in the future to study 
unconventionally secreted effectors of AM fungi. 
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Symbiotic signaling and defense

To initiate the symbiosis, AM fungi release chitin-like signal molecules 
called myc-factors. These include both lipo-chitooligosaccharides (LCOs) 
and short-chain chito-oligosaccharides (COs, such as CO4) (Maillet et 
al., 2011; Genre et al., 2013) and both are thought to be perceived by 
complexes of LysM-domain containing receptor-like kinases (LysM-RLKs). 
One of the key outputs of symbiotic LysM-RLK activation, in complex 
with another LRR-RLK called SYMRK/DMI2 (Ried et al., 2014), is the 
induction of calcium oscillations in the nucleus. These are decoded by a 
calcium- and calmodulin dependent kinase (CCaMK), which is required 
to activate a symbiosis-specific transcriptional program (for details see 
Chapter 1). LysM-RLK’s are part of a gene family whose members are 
implicated in both immune signaling as well as symbiotic signaling. 
Several data indicate that both LCO’s and short chain COs can suppress 
immune responses. For example, it was reported that symbiotic LCOs 
and short-chain COs are able to suppress chitin- and flg22-triggered 
immune responses in the non-host Arabidopsis (Liang et al., 2013).  
Also, LCO pre-treatment was shown to suppress ROS production induced 
by an Aphanomyces euteiches culture filtrate in Medicago, although it 
was not sufficient to block other immune responses (Rey et al., 2018). 
How symbiotic signaling interacts with plant immunity remains elusive. 
However, there are several possibilities. For instance, LCO or short-chain 
CO perception may use the same co-receptors as fungal MAMPs such 
as chitin and thereby compete for receptor recruitment. In rice, chitin 
is perceived by a complex of the LysM receptor OsCERK1 and OsCEBiP 
to trigger downstream signaling. While rice cebip mutants are only 
impaired in chitin-triggered immunity, cerk1 mutants show defect in both 
chitin-triggered immunity and mycorrhization, indicating that OsCERK1 
plays a dual role in both immune and symbiotic signaling (Zhang et al., 
2015a; Miyata et al., 2014). Therefore, LCOs and short-chain COs may 
outcompete long-chain COs to recruit CERK1 in a symbiotic complex, 
and thereby interfere with immune responses. Second, ligand perception 
can also lead to the endocytosis and turn-over of co-receptors, by which 
defense signaling is attenuated. In addition to direct effects of LCOs/COs 
on the receptor complexes, interference with immune responses may 
also occur more downstream. It has been shown that symbiotic signaling 
affects hormone balances in the root (Liao et al., 2018). Nearly all plant 
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solidify this claim. It is intriguing that RiSLM can bind to myc-LCOs with 
higher affinities than that for CO7 (Chapter 4). Myc-LCOs can be either 
sulfated on the reducing GlcNAc residue or remain non-sulfated. Although 
binding of sulfated myc-LCOs by RiSLM did not inhibit symbiotic signaling, 
binding of non-sulfated LCOs severely impaired symbiotic gene induction 
in Medicago. It is known that Medicago as a legume, has evolved LysM-
RLKs that have a very high affinity for sulfated LCOs that are secreted 
by its rhizobial symbiont Sinorhizobium meliloti, while it is much less 
responsive to non-sulfated rhizobial LCOs (Philippe Roche et al., 1991; 
Lerouge et al., 1990). Myc-LCOs and rhizobial Nod factors of S. meliloti are 
very similar in structure (Maillet et al., 2011). Therefore the difference in 
affinity of the Medicago receptors for sulfated and non-sulfated LCOs may 
explain the different effects of RiSLM. However, since it has been shown 
that sulfated and non-sulfated myc-LCO induce different transcriptional 
responses in Medicago (Czaja et al., 2012) it cannot be ruled out that 
RiSLM affects symbiotic responses during colonization.  A direct role for 
RiSLM in symbiotic signaling is also suggested by the higher induction 
of symbiotic marker genes upon application of equimolar amounts of 
RiSLM and CO4 compared to CO4-only treatment in Medicago roots. It is 
potentially related to the various LysM-RLK receptor complexes involved 
as discussed above. This remains an interesting topic to be studied in the 
future. 

Decreased RiSLM expression in arbuscules compared to intraradical 
mycelium suggests that either arbuscule-containing cells show a 
low capacity for chitin-triggered immunity, or that AM fungi have an 
alternative strategy to suppress plant immunity in arbuscule cells (e.g. 
using different effectors). Based on our transcriptome data, we identified 
a set of effectors highly expressed specifically in arbuscule cells (Chapter 
2). Such effectors may play essential roles to suppress host immunity or 
to support arbuscule development, maintenance or function. Intriguingly, 
we also found three Medicago secreted LysM proteins/effectors that 
were highly and specifically expressed in arbuscule-containing cells. 
Phylogenetic analyses suggest those LysM effectors are conserved in AM 
host plants (Bai, Roswanjaya, Limpens, unpublished data). Surprisingly, 
those plant LysM effectors did not show a function in chitin-triggered 
plant immunity or symbiosis (Bai, Roswanjaya, Limpens, unpublished 
data). Further investigation is needed to unravel the function of these 
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arbuscule-specific plant LysM effectors. Among the arbuscule-specific 
fungal effector candidates, 14 nuclear-targeting effectors were predicted 
based on the presence of a plant nuclear localization signal. By transient 
expression in Nicotiana leaves, we observed that those effectors could 
indeed localize to the plant nucleus, with some even showing more specific 
accumulation in the nucleolus and subnuclear bodies. Nuclear targeting 
may suggest a function as transcriptional regulators or chromatin 
modifiers in arbuscule-containing plant cells. However, evidence for 
host-translocation in arbuscule-containing cells is currently lacking. 
Furthermore, how fungal effectors can enter the cells still remains unclear 
(Petre and Kamoun, 2014; Lo Presti and Kahmann, 2017). Fungi do not 
harbor effector delivery systems such as the bacterial type III secretion 
system, which is used to deliver bacterial effectors to the host cell. It 
was reported that some fungi or oomycete effector proteins contain 
motifs such as RxLR to mediate effector endocytosis by binding to cell 
membrane phosphatidylinositol-3-phosphate (Lo Presti and Kahmann, 
2017; Dou et al., 2008; Kale et al., 2010). This mechanism was also 
proposed for MiSSP7, as MiSSP7 contains a RxLR-like motif that also 
binds phosphatidylinositol-3-phosphate (Plett et al., 2011). However, a 
recent study indicated that the RxLR domain in Phytophthora infestans 
AVR3a is cleaved before secretion (Wawra et al., 2017), suggesting a role 
for the RxLR motif in effector secretion rather than host entry. Therefore, 
the role of RxLR motif in host entry remains controversial. We did not 
detect a common signature/domain in the putative R. irregularis effectors 
that may mediate host translocation. Recent studies revealed extensive 
vesicular structures in the peri-arbuscular space (Ivanov et al., 2019; Roth 
et al., 2019). Similar structures were observed in the interface between 
pathogenic fungal haustoria and plant cells (Lo Presti and Kahmann, 
2017). In the biotrophic interaction of Magnaporthe oryzae and rice, it 
was shown that effectors can also be delivered to the host cell via a 
process called unconventional secretion, which may involve the fusion 
of fungal exosomes to the host cells (Khang et al., 2010; Giraldo et al., 
2013). Also Phytophthora sojae and Verticillium dahliae were shown to 
secrete isochorismatases, which lack conventional signal peptides, in an 
unconventional manner to disrupt salicylate-mediated innate immunity 
(Liu et al., 2014). In this thesis, I only focused on effectors carrying a 
signal peptide.  More investigations are required in the future to study 
unconventionally secreted effectors of AM fungi. 
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AM fungi (AMF) have the striking ability to establish an endosymbiosis 
with the vast majority of all land plants. How AM fungi evolved to colonize 
such a wide range of hosts is a fundamental question in AM biology. Two 
aspects are critical in this regard. First, the fungus has to deal with the 
host immune system to prevent a strong defense response. Second, the 
fungus has to offer crucial benefits to its hosts otherwise the interaction 
would be selected against and the symbiosis would not be maintained. 
Most molecular insights into these aspects have been obtained from the 
plant side. However, with the recent availability of the first AM fungal 
genome sequence, substantial progress has been made to get insight 
into the fungal aspects of this interaction. In this thesis I have used 
(cell-specific) transcriptome analyses to obtain insight into both fungal 
and plant components that are regulated in a host- and stage- (or cell-
specific) manner. In this chapter I will discuss our recent insights in 
the light of two main questions, namely, 1) how do AM fungi deal with 
the plant immune system and 2) how is (reciprocal) nutrient exchange 
controlled. 

How do AM fungi evade the plants immune system? 

Like other fungi, AMF have common fungal microbe-associated molecular 
patterns (MAMPs) such as chitin and β-glucan in their cell walls, which 
are known triggers of innate immune responses in plants (Rovenich et 
al., 2016; Fesel and Zuccaro, 2016). Indeed, AMF (or culture filtrates) 
have been shown to initially trigger defense responses in the plant, 
which are subsequently rapidly quenched (García-Garrido and Ocampo, 
2002). This indicates the release of fungal components that subvert the 
plant immune system. In addition to an active influence on the immune 
system, AM fungi generally lack genes encoding cell wall degrading 
enzymes to avoid the generation of damage-associated molecules that 
trigger defense (Tisserant et al., 2013). Therefore, AM fungi rely on their 
hosts to degrade the cell wall in a controlled manner to facilitate root 
colonization. Loss of cell wall degrading enzymes seems to be a general 
strategy used by mutualistic fungi that colonize plants (Kohler et al., 
2015). Below, I summarize several ideas of how AM fungi may subvert 
the host immune system.
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The role of extracellular vesicles is gaining interest in plant-microbe 
interactions (Rutter and Innes, 2018). A recent study revealed an 
essential role of extracellular vesicles to deliver small RNAs from the 
plant to the fungal pathogen Botrytis cinerea to silence fungal virulence 
genes (Cai et al., 2018). Conversely, Botrytis cinerea was also shown to 
produce small RNAs which can translocate to the plant host to silence 
host immunity genes (Weiberg et al., 2013). A similar mechanism was 
recently proposed in the rhizobium symbiosis, as rhizobial tRNA-derived 
small RNAs were shown to regulate host gene expression to facilitate the 
symbiosis (Ren et al., 2019). Therefore, the current concept of effectors 
should be extended to include (small) RNAs. It would be intriguing to 
investigate whether AM fungi and their hosts also utilize small RNAs and 
RNA silencing machineries to regulate symbiosis-related genes to facilitate 
the symbiosis. The ability of HIGS to silence AM fungal genes together 
with the observation of numerous extracellular membrane structures in 
the AM symbiosis supports such a possibility.

Recently, it was proposed that effectors may also be used in the interaction 
of fungi with other microbes in the soil (Snelders et al., 2018). Therefore 
it is possible that, besides an interaction with the host, AM fungi secrete 
effectors to inhibit pathogenic microbes or to promote beneficial microbes. 
This may eventually lead to an optimal endophytic/rhizosphere/soil 
microbiome that favors plant growth. It was shown that AM fungi directly 
interact with soil microbiome such as phosphate-solubilizing bacteria 
to stabilize the symbiosis (Zhang et al., 2016). In addition, AM hyphal 
exudates can stimulate phosphatase gene expression in the phosphate-
solubilizing bacteria Rahnella aquatilis (Zhang et al., 2018). 

Host-dependent effectors

Fungal effectors are important determinants of the host-range of 
pathogenic fungi. Because AM fungi also utilize effectors to control the 
symbiosis, it raised the question whether AM fungi secrete effectors in 
a host-dependent manner to establish symbiosis with different hosts. To 
address this question, we performed transcriptome profiling of the AM 
secretome in the three phylogenetically distant plant hosts Medicago, 
Chives and Nicotiana (Chapter 2). Our results showed that the majority 
of secreted protein (SP)-encoding genes are commonly expressed in 
all hosts. However, on top of this common set of ~300 SPs, ~15% of 
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the SPs were expressed in a host-dependent manner (Chapter 2). This 
suggested that AM fungi perceive the (local) host environment and adjust 
their secretome accordingly. Most host-dependent SPs were especially 
expressed during the intraradical stages in Medicago. Many of these 
putative effectors lacked known protein domains. However, some of them 
show similarity to known effectors or contain functional domains. One 
of these effectors, RirG091260 was much higher expressed in Chives 
compared to Medicago and Nicotiana and showed homology to the 
β-glucan binding effector FGB1 of the beneficial endophyte Piriformospora 
indica. PiFGB1 was shown to bind β-glucan to interfere with β-glucan-
induced plant immunity and to influence cell wall properties to facilitate 
colonization (Wawra et al., 2016). In line with this, FGB1-like RirG091260 
was also able to bind to β-glucan (curdlan) and  to impair laminarin-
induced plant immune responses (Wang et al., unpublished data). The 
Chives-dependent expression of RirG091260 raises the question whether 
this is related to a difference in β-glucan perception in different plants. 
However, preliminary follow up experiments in the group of Limpens, have 
shown that RirG091260 can also interfere with chitin and flg22-triggered 
immune responses (Wang et al., unpublished). Therefore, RirG091260 
may be more generally involved in the suppression of PAMP-triggered 
immunity, possibly by binding to glycan-groups of the highly glycosylated 
PAMP receptors in plants. It has been shown that correct glycosylation 
plays an important role in the activity of such receptors (Häweker et al., 
2010).

In addition to suppressing host immunity, AM effectors may also affect 
host or fungal metabolism. It is known that Phytophthora and Pythium 
secrete sterol/lipid-binding effectors, also known as elicitins, to take up 
sterols/lipids (Derevnina et al., 2016; Blein et al., 2002). Although no 
elicitins were detected in AM genomes, we noticed several potential lipid 
binding effectors (MD-2-related lipid-recognition (ML) domain containing) 
and lipase-like effectors to be expressed in a host-dependent manner. It 
will be interesting to study whether these function as lipid/sterol shuttles 
to take up fatty acids by AM fungi. 

Secondary metabolism

To maintain a mutually beneficial symbiosis in a wide-range of hosts 
AM fungi must be able to efficiently adapt their metabolism to the local 
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Symbiotic signaling and defense

To initiate the symbiosis, AM fungi release chitin-like signal molecules 
called myc-factors. These include both lipo-chitooligosaccharides (LCOs) 
and short-chain chito-oligosaccharides (COs, such as CO4) (Maillet et 
al., 2011; Genre et al., 2013) and both are thought to be perceived by 
complexes of LysM-domain containing receptor-like kinases (LysM-RLKs). 
One of the key outputs of symbiotic LysM-RLK activation, in complex 
with another LRR-RLK called SYMRK/DMI2 (Ried et al., 2014), is the 
induction of calcium oscillations in the nucleus. These are decoded by a 
calcium- and calmodulin dependent kinase (CCaMK), which is required 
to activate a symbiosis-specific transcriptional program (for details see 
Chapter 1). LysM-RLK’s are part of a gene family whose members are 
implicated in both immune signaling as well as symbiotic signaling. 
Several data indicate that both LCO’s and short chain COs can suppress 
immune responses. For example, it was reported that symbiotic LCOs 
and short-chain COs are able to suppress chitin- and flg22-triggered 
immune responses in the non-host Arabidopsis (Liang et al., 2013).  
Also, LCO pre-treatment was shown to suppress ROS production induced 
by an Aphanomyces euteiches culture filtrate in Medicago, although it 
was not sufficient to block other immune responses (Rey et al., 2018). 
How symbiotic signaling interacts with plant immunity remains elusive. 
However, there are several possibilities. For instance, LCO or short-chain 
CO perception may use the same co-receptors as fungal MAMPs such 
as chitin and thereby compete for receptor recruitment. In rice, chitin 
is perceived by a complex of the LysM receptor OsCERK1 and OsCEBiP 
to trigger downstream signaling. While rice cebip mutants are only 
impaired in chitin-triggered immunity, cerk1 mutants show defect in both 
chitin-triggered immunity and mycorrhization, indicating that OsCERK1 
plays a dual role in both immune and symbiotic signaling (Zhang et al., 
2015a; Miyata et al., 2014). Therefore, LCOs and short-chain COs may 
outcompete long-chain COs to recruit CERK1 in a symbiotic complex, 
and thereby interfere with immune responses. Second, ligand perception 
can also lead to the endocytosis and turn-over of co-receptors, by which 
defense signaling is attenuated. In addition to direct effects of LCOs/COs 
on the receptor complexes, interference with immune responses may 
also occur more downstream. It has been shown that symbiotic signaling 
affects hormone balances in the root (Liao et al., 2018). Nearly all plant 
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The role of extracellular vesicles is gaining interest in plant-microbe 
interactions (Rutter and Innes, 2018). A recent study revealed an 
essential role of extracellular vesicles to deliver small RNAs from the 
plant to the fungal pathogen Botrytis cinerea to silence fungal virulence 
genes (Cai et al., 2018). Conversely, Botrytis cinerea was also shown to 
produce small RNAs which can translocate to the plant host to silence 
host immunity genes (Weiberg et al., 2013). A similar mechanism was 
recently proposed in the rhizobium symbiosis, as rhizobial tRNA-derived 
small RNAs were shown to regulate host gene expression to facilitate the 
symbiosis (Ren et al., 2019). Therefore, the current concept of effectors 
should be extended to include (small) RNAs. It would be intriguing to 
investigate whether AM fungi and their hosts also utilize small RNAs and 
RNA silencing machineries to regulate symbiosis-related genes to facilitate 
the symbiosis. The ability of HIGS to silence AM fungal genes together 
with the observation of numerous extracellular membrane structures in 
the AM symbiosis supports such a possibility.

Recently, it was proposed that effectors may also be used in the interaction 
of fungi with other microbes in the soil (Snelders et al., 2018). Therefore 
it is possible that, besides an interaction with the host, AM fungi secrete 
effectors to inhibit pathogenic microbes or to promote beneficial microbes. 
This may eventually lead to an optimal endophytic/rhizosphere/soil 
microbiome that favors plant growth. It was shown that AM fungi directly 
interact with soil microbiome such as phosphate-solubilizing bacteria 
to stabilize the symbiosis (Zhang et al., 2016). In addition, AM hyphal 
exudates can stimulate phosphatase gene expression in the phosphate-
solubilizing bacteria Rahnella aquatilis (Zhang et al., 2018). 

Host-dependent effectors

Fungal effectors are important determinants of the host-range of 
pathogenic fungi. Because AM fungi also utilize effectors to control the 
symbiosis, it raised the question whether AM fungi secrete effectors in 
a host-dependent manner to establish symbiosis with different hosts. To 
address this question, we performed transcriptome profiling of the AM 
secretome in the three phylogenetically distant plant hosts Medicago, 
Chives and Nicotiana (Chapter 2). Our results showed that the majority 
of secreted protein (SP)-encoding genes are commonly expressed in 
all hosts. However, on top of this common set of ~300 SPs, ~15% of 
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the SPs were expressed in a host-dependent manner (Chapter 2). This 
suggested that AM fungi perceive the (local) host environment and adjust 
their secretome accordingly. Most host-dependent SPs were especially 
expressed during the intraradical stages in Medicago. Many of these 
putative effectors lacked known protein domains. However, some of them 
show similarity to known effectors or contain functional domains. One 
of these effectors, RirG091260 was much higher expressed in Chives 
compared to Medicago and Nicotiana and showed homology to the 
β-glucan binding effector FGB1 of the beneficial endophyte Piriformospora 
indica. PiFGB1 was shown to bind β-glucan to interfere with β-glucan-
induced plant immunity and to influence cell wall properties to facilitate 
colonization (Wawra et al., 2016). In line with this, FGB1-like RirG091260 
was also able to bind to β-glucan (curdlan) and  to impair laminarin-
induced plant immune responses (Wang et al., unpublished data). The 
Chives-dependent expression of RirG091260 raises the question whether 
this is related to a difference in β-glucan perception in different plants. 
However, preliminary follow up experiments in the group of Limpens, have 
shown that RirG091260 can also interfere with chitin and flg22-triggered 
immune responses (Wang et al., unpublished). Therefore, RirG091260 
may be more generally involved in the suppression of PAMP-triggered 
immunity, possibly by binding to glycan-groups of the highly glycosylated 
PAMP receptors in plants. It has been shown that correct glycosylation 
plays an important role in the activity of such receptors (Häweker et al., 
2010).

In addition to suppressing host immunity, AM effectors may also affect 
host or fungal metabolism. It is known that Phytophthora and Pythium 
secrete sterol/lipid-binding effectors, also known as elicitins, to take up 
sterols/lipids (Derevnina et al., 2016; Blein et al., 2002). Although no 
elicitins were detected in AM genomes, we noticed several potential lipid 
binding effectors (MD-2-related lipid-recognition (ML) domain containing) 
and lipase-like effectors to be expressed in a host-dependent manner. It 
will be interesting to study whether these function as lipid/sterol shuttles 
to take up fatty acids by AM fungi. 

Secondary metabolism

To maintain a mutually beneficial symbiosis in a wide-range of hosts 
AM fungi must be able to efficiently adapt their metabolism to the local 
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AM fungi (AMF) have the striking ability to establish an endosymbiosis 
with the vast majority of all land plants. How AM fungi evolved to colonize 
such a wide range of hosts is a fundamental question in AM biology. Two 
aspects are critical in this regard. First, the fungus has to deal with the 
host immune system to prevent a strong defense response. Second, the 
fungus has to offer crucial benefits to its hosts otherwise the interaction 
would be selected against and the symbiosis would not be maintained. 
Most molecular insights into these aspects have been obtained from the 
plant side. However, with the recent availability of the first AM fungal 
genome sequence, substantial progress has been made to get insight 
into the fungal aspects of this interaction. In this thesis I have used 
(cell-specific) transcriptome analyses to obtain insight into both fungal 
and plant components that are regulated in a host- and stage- (or cell-
specific) manner. In this chapter I will discuss our recent insights in 
the light of two main questions, namely, 1) how do AM fungi deal with 
the plant immune system and 2) how is (reciprocal) nutrient exchange 
controlled. 

How do AM fungi evade the plants immune system? 

Like other fungi, AMF have common fungal microbe-associated molecular 
patterns (MAMPs) such as chitin and β-glucan in their cell walls, which 
are known triggers of innate immune responses in plants (Rovenich et 
al., 2016; Fesel and Zuccaro, 2016). Indeed, AMF (or culture filtrates) 
have been shown to initially trigger defense responses in the plant, 
which are subsequently rapidly quenched (García-Garrido and Ocampo, 
2002). This indicates the release of fungal components that subvert the 
plant immune system. In addition to an active influence on the immune 
system, AM fungi generally lack genes encoding cell wall degrading 
enzymes to avoid the generation of damage-associated molecules that 
trigger defense (Tisserant et al., 2013). Therefore, AM fungi rely on their 
hosts to degrade the cell wall in a controlled manner to facilitate root 
colonization. Loss of cell wall degrading enzymes seems to be a general 
strategy used by mutualistic fungi that colonize plants (Kohler et al., 
2015). Below, I summarize several ideas of how AM fungi may subvert 
the host immune system.
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environment of the host. Upon microbial colonization, plants rewire their 
metabolic pathways to create an unfavorable local environment to enhance 
resistance against potential pathogens. For instance, plants may locally 
produce reactive oxygen species or synthesize antifungal compounds to 
inhibit fungal growth. In addition, nutrients are tightly controlled by the 
hosts to limit pathogen growth. Therefore, AM fungi need to have host-
adaptation or host-detoxifying machineries to successfully colonize such 
a broad-range of hosts.

Plants can produce numerous antimicrobial compounds, named 
phytoalexins, that differ between plant species (Pedras and Ahiahonu, 
2005). Therefore, AM fungi likely need to be able to evade the production 
of, or detoxify, such antifungal phytoalexins. The ability to detoxify 
host phytoalexins was shown before to control the host-range of fungal 
pathogens. For example, upon fungal colonization, plant hosts such as 
tomato produce the saponin tomatine to inhibit fungal growth. In turn, 
fungal pathogens such as Fusarium oxysporum and Cladosporium fulvum 
can produce saponin detoxifying enzymes (tomatinase) to convert 
tomatine into less toxic compounds to maintain full fungal virulence 
(Pareja-Jaime et al., 2008; de Wit et al., 2012). However, the closely 
related Dothistroma septosporum which does not produce such enzymes 
fails to colonize tomato (Ökmen et al., 2013). Also, Gaeumannomyces 
graminis mutants that are not able to detoxify host saponins are only 
able to colonize hosts such as wheat that do not produce saponin, but not 
hosts such as oat that do (Bowyer et al., 1995). Although AM fungi are 
able to colonize both saponin-producing and non-producing plants, we 
did not detect obvious saponin-detoxifying enzymes in the R. irregularis 
genome. 

One of the most common plant defense mechanisms is the production of 
reactive oxygen species (ROS). Therefore, ROS detoxifying mechanisms 
are essential for microbial colonization. We noticed that genes related 
to oxido-reductive processes are induced when AM fungi colonize plants 
(Chapter 3). These include many genes related to secondary metabolism 
such as cytochrome P450s (Chapter 3). The expression of different 
cytochrome P450 genes in different hosts might point to different 
detoxifying mechanisms in different hosts. Fungi have developed efficient 
antioxidant mechanism, such as glutathione, thioredoxins, superoxide 
dismutases and catalases (SODs) (Montibus et al., 2015). It was reported 
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that a symbiosis-induced copper-zinc superoxide dismutase (SOD) gene 
from R. irregularis is undergoing rapid evolution and diversifying selection 
(Corradi et al., 2009), suggesting that antioxidant mechanisms might be 
crucial for AM symbiosis. A Gigaspora margarita SOD gene was shown 
to be induced in planta and likely functions as an anti-oxidant enzyme 
in intraradical mycelium and arbuscules (Lanfranco et al., 2005).  In line 
with this, we observed high expression of a Cu/Zn SOD gene in arbuscules 
and intraradical mycelium (Chapter 3).  SODs require extensive supply 
of zinc or copper, which explains the high expression of copper and zinc 
transporter genes in planta (Chapter 3). We detected higher expression 
of fungal glutathione biosynthesis-related genes in colonized Chives and 
Nicotiana compared to Medicago (Chapter 3). This suggests that AM fungi 
experience different levels of ROS, possibly as a result of varying levels 
of defense responses. Alternatively, it could be related to differences in 
metabolic activity in the different hosts, as electron transfer reactions 
during secondary metabolism are known to generate ROS.

So far, secondary metabolites are poorly studied in AM fungi. However, 
they were proposed to be crucial in plant-microbe interactions as they 
can act as virulence factors and affect growth of the hosts (Macheleidt et 
al., 2016). Several fungi have been shown to produce phytohormones to 
manipulate their host plants (Chanclud and Morel, 2016). For example, 
the fungal pathogen F. fujikuroi can secrete secondary metabolites such 
as gibberellins to induce rapid growth of their hosts (Malonek et al., 
2005). Also symbionts such as ectomycorrhiza or Piriformospora indica 
have been suggested to produce phytohormones (Chanclud and Morel, 
2016). Whether AM fungi produce phytohormones has been largely 
understudied (Barea and Azcón-Aguilar, 1982).

Iron and immunity

Inside the host, the levels of essential metals such as iron are tightly 
controlled by the hosts to inhibit microbial growth (Braunsdorf et al., 
2016). Therefore, microbes have invented metal acquisition strategies 
to ensure sufficient nutrient supply. For example, a high affinity iron 
permease expressed in intraradical hyphae was reported to be essential 
for pathogenicity of Ustilago maydis (Eichhorn et al., 2006). Further, 
it was proposed that plants can target the bacterial iron acquisition 
system to inhibit bacterial growth (Nobori et al., 2018). We observed 
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Symbiotic signaling and defense

To initiate the symbiosis, AM fungi release chitin-like signal molecules 
called myc-factors. These include both lipo-chitooligosaccharides (LCOs) 
and short-chain chito-oligosaccharides (COs, such as CO4) (Maillet et 
al., 2011; Genre et al., 2013) and both are thought to be perceived by 
complexes of LysM-domain containing receptor-like kinases (LysM-RLKs). 
One of the key outputs of symbiotic LysM-RLK activation, in complex 
with another LRR-RLK called SYMRK/DMI2 (Ried et al., 2014), is the 
induction of calcium oscillations in the nucleus. These are decoded by a 
calcium- and calmodulin dependent kinase (CCaMK), which is required 
to activate a symbiosis-specific transcriptional program (for details see 
Chapter 1). LysM-RLK’s are part of a gene family whose members are 
implicated in both immune signaling as well as symbiotic signaling. 
Several data indicate that both LCO’s and short chain COs can suppress 
immune responses. For example, it was reported that symbiotic LCOs 
and short-chain COs are able to suppress chitin- and flg22-triggered 
immune responses in the non-host Arabidopsis (Liang et al., 2013).  
Also, LCO pre-treatment was shown to suppress ROS production induced 
by an Aphanomyces euteiches culture filtrate in Medicago, although it 
was not sufficient to block other immune responses (Rey et al., 2018). 
How symbiotic signaling interacts with plant immunity remains elusive. 
However, there are several possibilities. For instance, LCO or short-chain 
CO perception may use the same co-receptors as fungal MAMPs such 
as chitin and thereby compete for receptor recruitment. In rice, chitin 
is perceived by a complex of the LysM receptor OsCERK1 and OsCEBiP 
to trigger downstream signaling. While rice cebip mutants are only 
impaired in chitin-triggered immunity, cerk1 mutants show defect in both 
chitin-triggered immunity and mycorrhization, indicating that OsCERK1 
plays a dual role in both immune and symbiotic signaling (Zhang et al., 
2015a; Miyata et al., 2014). Therefore, LCOs and short-chain COs may 
outcompete long-chain COs to recruit CERK1 in a symbiotic complex, 
and thereby interfere with immune responses. Second, ligand perception 
can also lead to the endocytosis and turn-over of co-receptors, by which 
defense signaling is attenuated. In addition to direct effects of LCOs/COs 
on the receptor complexes, interference with immune responses may 
also occur more downstream. It has been shown that symbiotic signaling 
affects hormone balances in the root (Liao et al., 2018). Nearly all plant 
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environment of the host. Upon microbial colonization, plants rewire their 
metabolic pathways to create an unfavorable local environment to enhance 
resistance against potential pathogens. For instance, plants may locally 
produce reactive oxygen species or synthesize antifungal compounds to 
inhibit fungal growth. In addition, nutrients are tightly controlled by the 
hosts to limit pathogen growth. Therefore, AM fungi need to have host-
adaptation or host-detoxifying machineries to successfully colonize such 
a broad-range of hosts.

Plants can produce numerous antimicrobial compounds, named 
phytoalexins, that differ between plant species (Pedras and Ahiahonu, 
2005). Therefore, AM fungi likely need to be able to evade the production 
of, or detoxify, such antifungal phytoalexins. The ability to detoxify 
host phytoalexins was shown before to control the host-range of fungal 
pathogens. For example, upon fungal colonization, plant hosts such as 
tomato produce the saponin tomatine to inhibit fungal growth. In turn, 
fungal pathogens such as Fusarium oxysporum and Cladosporium fulvum 
can produce saponin detoxifying enzymes (tomatinase) to convert 
tomatine into less toxic compounds to maintain full fungal virulence 
(Pareja-Jaime et al., 2008; de Wit et al., 2012). However, the closely 
related Dothistroma septosporum which does not produce such enzymes 
fails to colonize tomato (Ökmen et al., 2013). Also, Gaeumannomyces 
graminis mutants that are not able to detoxify host saponins are only 
able to colonize hosts such as wheat that do not produce saponin, but not 
hosts such as oat that do (Bowyer et al., 1995). Although AM fungi are 
able to colonize both saponin-producing and non-producing plants, we 
did not detect obvious saponin-detoxifying enzymes in the R. irregularis 
genome. 

One of the most common plant defense mechanisms is the production of 
reactive oxygen species (ROS). Therefore, ROS detoxifying mechanisms 
are essential for microbial colonization. We noticed that genes related 
to oxido-reductive processes are induced when AM fungi colonize plants 
(Chapter 3). These include many genes related to secondary metabolism 
such as cytochrome P450s (Chapter 3). The expression of different 
cytochrome P450 genes in different hosts might point to different 
detoxifying mechanisms in different hosts. Fungi have developed efficient 
antioxidant mechanism, such as glutathione, thioredoxins, superoxide 
dismutases and catalases (SODs) (Montibus et al., 2015). It was reported 
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that a symbiosis-induced copper-zinc superoxide dismutase (SOD) gene 
from R. irregularis is undergoing rapid evolution and diversifying selection 
(Corradi et al., 2009), suggesting that antioxidant mechanisms might be 
crucial for AM symbiosis. A Gigaspora margarita SOD gene was shown 
to be induced in planta and likely functions as an anti-oxidant enzyme 
in intraradical mycelium and arbuscules (Lanfranco et al., 2005).  In line 
with this, we observed high expression of a Cu/Zn SOD gene in arbuscules 
and intraradical mycelium (Chapter 3).  SODs require extensive supply 
of zinc or copper, which explains the high expression of copper and zinc 
transporter genes in planta (Chapter 3). We detected higher expression 
of fungal glutathione biosynthesis-related genes in colonized Chives and 
Nicotiana compared to Medicago (Chapter 3). This suggests that AM fungi 
experience different levels of ROS, possibly as a result of varying levels 
of defense responses. Alternatively, it could be related to differences in 
metabolic activity in the different hosts, as electron transfer reactions 
during secondary metabolism are known to generate ROS.

So far, secondary metabolites are poorly studied in AM fungi. However, 
they were proposed to be crucial in plant-microbe interactions as they 
can act as virulence factors and affect growth of the hosts (Macheleidt et 
al., 2016). Several fungi have been shown to produce phytohormones to 
manipulate their host plants (Chanclud and Morel, 2016). For example, 
the fungal pathogen F. fujikuroi can secrete secondary metabolites such 
as gibberellins to induce rapid growth of their hosts (Malonek et al., 
2005). Also symbionts such as ectomycorrhiza or Piriformospora indica 
have been suggested to produce phytohormones (Chanclud and Morel, 
2016). Whether AM fungi produce phytohormones has been largely 
understudied (Barea and Azcón-Aguilar, 1982).

Iron and immunity

Inside the host, the levels of essential metals such as iron are tightly 
controlled by the hosts to inhibit microbial growth (Braunsdorf et al., 
2016). Therefore, microbes have invented metal acquisition strategies 
to ensure sufficient nutrient supply. For example, a high affinity iron 
permease expressed in intraradical hyphae was reported to be essential 
for pathogenicity of Ustilago maydis (Eichhorn et al., 2006). Further, 
it was proposed that plants can target the bacterial iron acquisition 
system to inhibit bacterial growth (Nobori et al., 2018). We observed 
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AM fungi (AMF) have the striking ability to establish an endosymbiosis 
with the vast majority of all land plants. How AM fungi evolved to colonize 
such a wide range of hosts is a fundamental question in AM biology. Two 
aspects are critical in this regard. First, the fungus has to deal with the 
host immune system to prevent a strong defense response. Second, the 
fungus has to offer crucial benefits to its hosts otherwise the interaction 
would be selected against and the symbiosis would not be maintained. 
Most molecular insights into these aspects have been obtained from the 
plant side. However, with the recent availability of the first AM fungal 
genome sequence, substantial progress has been made to get insight 
into the fungal aspects of this interaction. In this thesis I have used 
(cell-specific) transcriptome analyses to obtain insight into both fungal 
and plant components that are regulated in a host- and stage- (or cell-
specific) manner. In this chapter I will discuss our recent insights in 
the light of two main questions, namely, 1) how do AM fungi deal with 
the plant immune system and 2) how is (reciprocal) nutrient exchange 
controlled. 

How do AM fungi evade the plants immune system? 

Like other fungi, AMF have common fungal microbe-associated molecular 
patterns (MAMPs) such as chitin and β-glucan in their cell walls, which 
are known triggers of innate immune responses in plants (Rovenich et 
al., 2016; Fesel and Zuccaro, 2016). Indeed, AMF (or culture filtrates) 
have been shown to initially trigger defense responses in the plant, 
which are subsequently rapidly quenched (García-Garrido and Ocampo, 
2002). This indicates the release of fungal components that subvert the 
plant immune system. In addition to an active influence on the immune 
system, AM fungi generally lack genes encoding cell wall degrading 
enzymes to avoid the generation of damage-associated molecules that 
trigger defense (Tisserant et al., 2013). Therefore, AM fungi rely on their 
hosts to degrade the cell wall in a controlled manner to facilitate root 
colonization. Loss of cell wall degrading enzymes seems to be a general 
strategy used by mutualistic fungi that colonize plants (Kohler et al., 
2015). Below, I summarize several ideas of how AM fungi may subvert 
the host immune system.
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that oxidation and reduction processes were enriched in all hosts in an 
arbuscule-dependent manner (Chapter 3). This is likely due to active 
secondary metabolism as many cytochrome P450 genes were found in 
those gene sets. This suggests that AM fungi may need high demand 
of iron, particularly in arbuscule cells, to support proper function of 
cytochrome P450s (Chapter 3). Interestingly, observed that two R. 
irregularis iron transporters were expressed in a “dicot”- and arbuscule-
dependent manner. In contrast, all major Medicago iron transporters IRTs 
are downregulated in arbuscule-containing cells compared to surrounding 
cortex cells. This suggests that AM fungi absorb iron from the peri-
arbuscular space to support the high iron demand in arbuscules, although 
experimental evidence is currently lacking. In fact, the membrane iron 
transporter jgi_p_Gloin1_347887 represents one of the most highly 
expressed genes in arbuscules. Some studies have suggested that AM 
fungi can also deliver iron to the plant, although this seems to be host 
and/or condition dependent (Caris et al., 1998). In addition to the iron 
transporter, we observed that a IucA / IucC gene (RirG008590), which 
may regulate siderophore biosynthesis, was higher expressed in the two 
dicots Medicago and Nicotiana compared to the monocot Chives and in an 
arbuscule-dependent manner. Siderophores are secondary metabolites 
which can chelate iron to facilitate iron uptake or stabilize free iron levels 
to avoid iron toxicity. Pathogenic fungi use siderophores to compete 
for iron uptake with their host plants or to enhance their resistance to 
oxidative stress. It has been shown that a lack of siderophore biosynthetic 
genes in pathogenic fungi impaired pathogenicity, as well as symbiosis 
by the beneficial endophyte Epichloe festucae (Johnson, 2008; Oide et 
al., 2006; Verbon et al., 2017; Johnson et al., 2013). Dicot-dependent 
induction of genes involved in iron transport and homeostasis suggests 
that AM fungi might be more iron-deficient in Medicago and Nicotiana 
compared to Chives. 

Reciprocal nutrient exchange

A stable AM symbiosis requires the reciprocal exchange of nutrients, 
which is considered to occur mainly at the arbuscule interface (Chapter 
1). Interestingly, in Medicago it was shown that both plant and fungus 
can monitor the benefits that they obtain from each other and adjust 
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the transfer of nutrients accordingly (Kiers et al., 2011). So, fungi that 
provided more P to their host were rewarded with more carbon, and 
vice versa if the plant provided more carbon it obtained more P from the 
fungus. How such reciprocal rewarding, as part of a biological market 
theory (Werner et al., 2014) is controlled is still largely unknown. It 
requires more detailed insight into the molecular components involved in 
both plant and fungus. 

It has become clear that the benefits obtained from the fungus extend 
beyond mere phosphate delivery. For example, the early degradation 
of arbuscules in the symbiotic phosphate transport mutant Mtpt4 could 
be rescued by growing plants under nitrogen starved conditions. This 
required the action of the MtAMT2;3 ammonium transporter, suggesting 
that the fungus provides ammonium which is sensed by the transceptor 
MtAMT2;3 to control arbuscule maintenance (Breuillin-Sessoms et al., 
2015). Similar to the effect of host carbon supply on phosphate delivery 
by the fungus, it was shown that carbon supply also controls the nitrogen 
flux from the fungus (Fellbaum et al., 2012). In addition to phosphate and 
nitrogen, AM fungi provide water and other micronutrients to their host. 
In Chapter 3 we highlight several fungal transporters that are induced 
especially in the arbuscules, and are therefore key candidates to control 
the transfer of these nutrients from arbuscules to the host. We further 
noticed the induction of several amino acid/peptide transporters in the 
symbiosis. In the rhizobium nodule symbiosis an amino acid cycle has 
been shown to play a role in the supply of fixed nitrogen to the legume 
hosts (Day et al., 2001; Lodwig et al., 2003; White et al., 2007). It will 
therefore also be interesting to study the role of amino acid exchange in 
the AM symbiosis. Work by Kikuchi et al. (2016) has implicated the action 
of an aquaporin of Rhizophagus clarus (RcAQP3) in the long distance 
transport of poly-P and proposed a model for water potential gradients 
at the arbuscules to control P delivery to the host. In this model, a water 
flow from fungus to plant, controlled by host transpiration, facilitates the 
flow of poly-P from the extraradical mycelium to the arbuscules, where it 
is processed into Pi to be transported to the host.  In R. irregularis, the 
RcAQP3 ortholog RiAQPF2 (RirG028370) was highly expressed through 
all developmental stages, which is in line with its function. However, 
we noticed that it was induced stronger in Chives (1.87-fold) and 
Medicago (2.12-fold) compared to Nicotiana, possibly related to different 
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Symbiotic signaling and defense

To initiate the symbiosis, AM fungi release chitin-like signal molecules 
called myc-factors. These include both lipo-chitooligosaccharides (LCOs) 
and short-chain chito-oligosaccharides (COs, such as CO4) (Maillet et 
al., 2011; Genre et al., 2013) and both are thought to be perceived by 
complexes of LysM-domain containing receptor-like kinases (LysM-RLKs). 
One of the key outputs of symbiotic LysM-RLK activation, in complex 
with another LRR-RLK called SYMRK/DMI2 (Ried et al., 2014), is the 
induction of calcium oscillations in the nucleus. These are decoded by a 
calcium- and calmodulin dependent kinase (CCaMK), which is required 
to activate a symbiosis-specific transcriptional program (for details see 
Chapter 1). LysM-RLK’s are part of a gene family whose members are 
implicated in both immune signaling as well as symbiotic signaling. 
Several data indicate that both LCO’s and short chain COs can suppress 
immune responses. For example, it was reported that symbiotic LCOs 
and short-chain COs are able to suppress chitin- and flg22-triggered 
immune responses in the non-host Arabidopsis (Liang et al., 2013).  
Also, LCO pre-treatment was shown to suppress ROS production induced 
by an Aphanomyces euteiches culture filtrate in Medicago, although it 
was not sufficient to block other immune responses (Rey et al., 2018). 
How symbiotic signaling interacts with plant immunity remains elusive. 
However, there are several possibilities. For instance, LCO or short-chain 
CO perception may use the same co-receptors as fungal MAMPs such 
as chitin and thereby compete for receptor recruitment. In rice, chitin 
is perceived by a complex of the LysM receptor OsCERK1 and OsCEBiP 
to trigger downstream signaling. While rice cebip mutants are only 
impaired in chitin-triggered immunity, cerk1 mutants show defect in both 
chitin-triggered immunity and mycorrhization, indicating that OsCERK1 
plays a dual role in both immune and symbiotic signaling (Zhang et al., 
2015a; Miyata et al., 2014). Therefore, LCOs and short-chain COs may 
outcompete long-chain COs to recruit CERK1 in a symbiotic complex, 
and thereby interfere with immune responses. Second, ligand perception 
can also lead to the endocytosis and turn-over of co-receptors, by which 
defense signaling is attenuated. In addition to direct effects of LCOs/COs 
on the receptor complexes, interference with immune responses may 
also occur more downstream. It has been shown that symbiotic signaling 
affects hormone balances in the root (Liao et al., 2018). Nearly all plant 
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that oxidation and reduction processes were enriched in all hosts in an 
arbuscule-dependent manner (Chapter 3). This is likely due to active 
secondary metabolism as many cytochrome P450 genes were found in 
those gene sets. This suggests that AM fungi may need high demand 
of iron, particularly in arbuscule cells, to support proper function of 
cytochrome P450s (Chapter 3). Interestingly, observed that two R. 
irregularis iron transporters were expressed in a “dicot”- and arbuscule-
dependent manner. In contrast, all major Medicago iron transporters IRTs 
are downregulated in arbuscule-containing cells compared to surrounding 
cortex cells. This suggests that AM fungi absorb iron from the peri-
arbuscular space to support the high iron demand in arbuscules, although 
experimental evidence is currently lacking. In fact, the membrane iron 
transporter jgi_p_Gloin1_347887 represents one of the most highly 
expressed genes in arbuscules. Some studies have suggested that AM 
fungi can also deliver iron to the plant, although this seems to be host 
and/or condition dependent (Caris et al., 1998). In addition to the iron 
transporter, we observed that a IucA / IucC gene (RirG008590), which 
may regulate siderophore biosynthesis, was higher expressed in the two 
dicots Medicago and Nicotiana compared to the monocot Chives and in an 
arbuscule-dependent manner. Siderophores are secondary metabolites 
which can chelate iron to facilitate iron uptake or stabilize free iron levels 
to avoid iron toxicity. Pathogenic fungi use siderophores to compete 
for iron uptake with their host plants or to enhance their resistance to 
oxidative stress. It has been shown that a lack of siderophore biosynthetic 
genes in pathogenic fungi impaired pathogenicity, as well as symbiosis 
by the beneficial endophyte Epichloe festucae (Johnson, 2008; Oide et 
al., 2006; Verbon et al., 2017; Johnson et al., 2013). Dicot-dependent 
induction of genes involved in iron transport and homeostasis suggests 
that AM fungi might be more iron-deficient in Medicago and Nicotiana 
compared to Chives. 

Reciprocal nutrient exchange

A stable AM symbiosis requires the reciprocal exchange of nutrients, 
which is considered to occur mainly at the arbuscule interface (Chapter 
1). Interestingly, in Medicago it was shown that both plant and fungus 
can monitor the benefits that they obtain from each other and adjust 
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the transfer of nutrients accordingly (Kiers et al., 2011). So, fungi that 
provided more P to their host were rewarded with more carbon, and 
vice versa if the plant provided more carbon it obtained more P from the 
fungus. How such reciprocal rewarding, as part of a biological market 
theory (Werner et al., 2014) is controlled is still largely unknown. It 
requires more detailed insight into the molecular components involved in 
both plant and fungus. 

It has become clear that the benefits obtained from the fungus extend 
beyond mere phosphate delivery. For example, the early degradation 
of arbuscules in the symbiotic phosphate transport mutant Mtpt4 could 
be rescued by growing plants under nitrogen starved conditions. This 
required the action of the MtAMT2;3 ammonium transporter, suggesting 
that the fungus provides ammonium which is sensed by the transceptor 
MtAMT2;3 to control arbuscule maintenance (Breuillin-Sessoms et al., 
2015). Similar to the effect of host carbon supply on phosphate delivery 
by the fungus, it was shown that carbon supply also controls the nitrogen 
flux from the fungus (Fellbaum et al., 2012). In addition to phosphate and 
nitrogen, AM fungi provide water and other micronutrients to their host. 
In Chapter 3 we highlight several fungal transporters that are induced 
especially in the arbuscules, and are therefore key candidates to control 
the transfer of these nutrients from arbuscules to the host. We further 
noticed the induction of several amino acid/peptide transporters in the 
symbiosis. In the rhizobium nodule symbiosis an amino acid cycle has 
been shown to play a role in the supply of fixed nitrogen to the legume 
hosts (Day et al., 2001; Lodwig et al., 2003; White et al., 2007). It will 
therefore also be interesting to study the role of amino acid exchange in 
the AM symbiosis. Work by Kikuchi et al. (2016) has implicated the action 
of an aquaporin of Rhizophagus clarus (RcAQP3) in the long distance 
transport of poly-P and proposed a model for water potential gradients 
at the arbuscules to control P delivery to the host. In this model, a water 
flow from fungus to plant, controlled by host transpiration, facilitates the 
flow of poly-P from the extraradical mycelium to the arbuscules, where it 
is processed into Pi to be transported to the host.  In R. irregularis, the 
RcAQP3 ortholog RiAQPF2 (RirG028370) was highly expressed through 
all developmental stages, which is in line with its function. However, 
we noticed that it was induced stronger in Chives (1.87-fold) and 
Medicago (2.12-fold) compared to Nicotiana, possibly related to different 
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AM fungi (AMF) have the striking ability to establish an endosymbiosis 
with the vast majority of all land plants. How AM fungi evolved to colonize 
such a wide range of hosts is a fundamental question in AM biology. Two 
aspects are critical in this regard. First, the fungus has to deal with the 
host immune system to prevent a strong defense response. Second, the 
fungus has to offer crucial benefits to its hosts otherwise the interaction 
would be selected against and the symbiosis would not be maintained. 
Most molecular insights into these aspects have been obtained from the 
plant side. However, with the recent availability of the first AM fungal 
genome sequence, substantial progress has been made to get insight 
into the fungal aspects of this interaction. In this thesis I have used 
(cell-specific) transcriptome analyses to obtain insight into both fungal 
and plant components that are regulated in a host- and stage- (or cell-
specific) manner. In this chapter I will discuss our recent insights in 
the light of two main questions, namely, 1) how do AM fungi deal with 
the plant immune system and 2) how is (reciprocal) nutrient exchange 
controlled. 

How do AM fungi evade the plants immune system? 

Like other fungi, AMF have common fungal microbe-associated molecular 
patterns (MAMPs) such as chitin and β-glucan in their cell walls, which 
are known triggers of innate immune responses in plants (Rovenich et 
al., 2016; Fesel and Zuccaro, 2016). Indeed, AMF (or culture filtrates) 
have been shown to initially trigger defense responses in the plant, 
which are subsequently rapidly quenched (García-Garrido and Ocampo, 
2002). This indicates the release of fungal components that subvert the 
plant immune system. In addition to an active influence on the immune 
system, AM fungi generally lack genes encoding cell wall degrading 
enzymes to avoid the generation of damage-associated molecules that 
trigger defense (Tisserant et al., 2013). Therefore, AM fungi rely on their 
hosts to degrade the cell wall in a controlled manner to facilitate root 
colonization. Loss of cell wall degrading enzymes seems to be a general 
strategy used by mutualistic fungi that colonize plants (Kohler et al., 
2015). Below, I summarize several ideas of how AM fungi may subvert 
the host immune system.
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transpiration rates or water use efficiency of the various hosts.

How plants monitor the amount of nutrients received is still poorly 
understood. Signaling functions of potential phosphate or ammonium 
transceptors may play a role locally and long distance transport of 
peptide signals, for example by CLE and CEP peptides (Bisseling and 
Scheres, 2014; Taleski et al., 2018) may be used systemically. Recently, 
it was found that the degradation of arbuscules requires the action of 
the MtMYB1 transcription factor (Floss et al., 2017), which is highly 
expressed specifically in arbuscule-containing cells. MtMYB1 controls the 
expression of numerous hydrolases thought to be involved in arbusucle 
degradation. Interestingly, MtMYB1 is already highly expressed in 
healthy, non-degrading arbuscules, suggesting that its activity is post-
transcriptionally regulated. MtMYB1 was shown to interact with both 
DELLA proteins and MtNSP1, which are both implicated in the symbiotic 
signaling pathway (Floss et al., 2017; Pimprikar and Gutjahr, 2018) 
and required for full MtMYB1 activity. The promotional effects of DELLA 
proteins on MtMYB1 activity has led to the suggestion that local GA 
levels may influence arbuscule life time (Takeda et al., 2015; Pimprikar 
et al., 2016) Alternatively, additional regulators may be involved. For 
example, we noticed the high expression of two SPX-domain proteins in 
our arbuscule-specific transcriptome data. The SPX domain is thought to 
function as a phosphate sensor and SPX proteins are known to suppress 
the phosphate-starvation response by inhibiting the action of the key 
myb transcription factor PHR1 in a phosphate-dependent manner (Puga 
et al., 2014; Wang et al., 2014b). Therefore it will be interesting to test 
whether the arbuscule-induced SPX proteins function to monitor P supply 
by the fungus to control for example the activity of MtMYB1 or other 
proteins.

In return for the nutrients provided to the plant, AM fungi obtain 
photosynthates as rewards. Originally it was thought that the fungi mainly 
obtain sugars (hexoses) as carbon source from the plant (Solaiman 
and Saito, 1997; Shachar-Hill et al., 1995; Bago et al., 2003; Bago et 
al., 2000). However, with the availability of the R. irregularis genome 
sequence, it became clear that AM fungi lack a key enzyme (type I fatty 
acid synthase, FasI) to produce fatty acids (Wewer et al., 2014). This 
makes AM fungi fatty acid auxotrophs that rely on their plant hosts to 
supply fatty acid precursors (Chapter 1). 
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Fatty acids can be converted into sugars in the fungus and may thus 
serve as a major nutritional carbon source for the fungus. This is further 
supported by the recent finding that application of the proper fatty 
acids allowed R. irregularis to grow a-symbiotically and even to make 
viable spores, although the spores were smaller than spores formed in 
symbiosis (Kameoka et al., 2019; Sugiura et al., 2019). The work by 
Kameoka and Sugiura and colleagues further suggested that different 
fungi may require different fatty acid precursors. In line with this we 
observed substantial variation in the expression of fatty acid metabolic 
enzymes in three different host species (Chapter 3). This leads us to 
speculate that variation in fatty acid metabolism in plant and fungus may 
contribute to observed host preferences found in nature.

The key role of fatty acids in AM symbiosis raises the question what the 
contribution of sugars provided by the plant is in terms of nourishment 
for the fungus. On the fungal side a monosaccharide transporter, called 
RiMST2 (RirG108040), has been identified and shown to be required for 
proper arbuscule development (Helber et al., 2011). It could transport 
glucose as well as cell wall derived monosaccharides. Previous isotope 
tracer experiments indicated that glucose is the main hexose taken up 
by the fungus (Bago et al., 2000). We identified an additional MST2 
family member (RirG088730) that, like RiMST2, is most highly expressed 
in arbuscules. This suggests that arbuscules are a major place where 
glucose uptake takes place, although additional expression in intraradical 
mycelium points to the potential uptake of monosaccharides at those 
places as well. To identify plant components involved in the transfer of 
glucose across the PAM, we searched for SWEET sugar transporters in our 
arbuscule-specific transcriptome data, as these are known to function as 
sugar exporters in plants (Chen et al., 2010). This identified one SWEET 
transporter, MtSWEET1b, that was especially highly expressed in the 
arbuscule-containing cells (Chapter 5). Multiple SWEET family members 
changed in expression upon mycorrhization, similar to what was reported 
in potato (Manck-Götzenberger and Requena, 2016), however only 
MtSWEET1b showed induction in cells that are in contact with fungal 
hyphae. MtSWEET1b localized to the PAM and specifically transported 
glucose in a yeast transport assay. Given the sink strength of the fungus 
it is most likely that MtSWEET1b exports glucose into the peri-arbuscular 
space where it is taken up with the help of MST2 transporters into the 
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Symbiotic signaling and defense

To initiate the symbiosis, AM fungi release chitin-like signal molecules 
called myc-factors. These include both lipo-chitooligosaccharides (LCOs) 
and short-chain chito-oligosaccharides (COs, such as CO4) (Maillet et 
al., 2011; Genre et al., 2013) and both are thought to be perceived by 
complexes of LysM-domain containing receptor-like kinases (LysM-RLKs). 
One of the key outputs of symbiotic LysM-RLK activation, in complex 
with another LRR-RLK called SYMRK/DMI2 (Ried et al., 2014), is the 
induction of calcium oscillations in the nucleus. These are decoded by a 
calcium- and calmodulin dependent kinase (CCaMK), which is required 
to activate a symbiosis-specific transcriptional program (for details see 
Chapter 1). LysM-RLK’s are part of a gene family whose members are 
implicated in both immune signaling as well as symbiotic signaling. 
Several data indicate that both LCO’s and short chain COs can suppress 
immune responses. For example, it was reported that symbiotic LCOs 
and short-chain COs are able to suppress chitin- and flg22-triggered 
immune responses in the non-host Arabidopsis (Liang et al., 2013).  
Also, LCO pre-treatment was shown to suppress ROS production induced 
by an Aphanomyces euteiches culture filtrate in Medicago, although it 
was not sufficient to block other immune responses (Rey et al., 2018). 
How symbiotic signaling interacts with plant immunity remains elusive. 
However, there are several possibilities. For instance, LCO or short-chain 
CO perception may use the same co-receptors as fungal MAMPs such 
as chitin and thereby compete for receptor recruitment. In rice, chitin 
is perceived by a complex of the LysM receptor OsCERK1 and OsCEBiP 
to trigger downstream signaling. While rice cebip mutants are only 
impaired in chitin-triggered immunity, cerk1 mutants show defect in both 
chitin-triggered immunity and mycorrhization, indicating that OsCERK1 
plays a dual role in both immune and symbiotic signaling (Zhang et al., 
2015a; Miyata et al., 2014). Therefore, LCOs and short-chain COs may 
outcompete long-chain COs to recruit CERK1 in a symbiotic complex, 
and thereby interfere with immune responses. Second, ligand perception 
can also lead to the endocytosis and turn-over of co-receptors, by which 
defense signaling is attenuated. In addition to direct effects of LCOs/COs 
on the receptor complexes, interference with immune responses may 
also occur more downstream. It has been shown that symbiotic signaling 
affects hormone balances in the root (Liao et al., 2018). Nearly all plant 
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transpiration rates or water use efficiency of the various hosts.

How plants monitor the amount of nutrients received is still poorly 
understood. Signaling functions of potential phosphate or ammonium 
transceptors may play a role locally and long distance transport of 
peptide signals, for example by CLE and CEP peptides (Bisseling and 
Scheres, 2014; Taleski et al., 2018) may be used systemically. Recently, 
it was found that the degradation of arbuscules requires the action of 
the MtMYB1 transcription factor (Floss et al., 2017), which is highly 
expressed specifically in arbuscule-containing cells. MtMYB1 controls the 
expression of numerous hydrolases thought to be involved in arbusucle 
degradation. Interestingly, MtMYB1 is already highly expressed in 
healthy, non-degrading arbuscules, suggesting that its activity is post-
transcriptionally regulated. MtMYB1 was shown to interact with both 
DELLA proteins and MtNSP1, which are both implicated in the symbiotic 
signaling pathway (Floss et al., 2017; Pimprikar and Gutjahr, 2018) 
and required for full MtMYB1 activity. The promotional effects of DELLA 
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photosynthates as rewards. Originally it was thought that the fungi mainly 
obtain sugars (hexoses) as carbon source from the plant (Solaiman 
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makes AM fungi fatty acid auxotrophs that rely on their plant hosts to 
supply fatty acid precursors (Chapter 1). 
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Fatty acids can be converted into sugars in the fungus and may thus 
serve as a major nutritional carbon source for the fungus. This is further 
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acids allowed R. irregularis to grow a-symbiotically and even to make 
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MtSWEET1b showed induction in cells that are in contact with fungal 
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AM fungi (AMF) have the striking ability to establish an endosymbiosis 
with the vast majority of all land plants. How AM fungi evolved to colonize 
such a wide range of hosts is a fundamental question in AM biology. Two 
aspects are critical in this regard. First, the fungus has to deal with the 
host immune system to prevent a strong defense response. Second, the 
fungus has to offer crucial benefits to its hosts otherwise the interaction 
would be selected against and the symbiosis would not be maintained. 
Most molecular insights into these aspects have been obtained from the 
plant side. However, with the recent availability of the first AM fungal 
genome sequence, substantial progress has been made to get insight 
into the fungal aspects of this interaction. In this thesis I have used 
(cell-specific) transcriptome analyses to obtain insight into both fungal 
and plant components that are regulated in a host- and stage- (or cell-
specific) manner. In this chapter I will discuss our recent insights in 
the light of two main questions, namely, 1) how do AM fungi deal with 
the plant immune system and 2) how is (reciprocal) nutrient exchange 
controlled. 

How do AM fungi evade the plants immune system? 

Like other fungi, AMF have common fungal microbe-associated molecular 
patterns (MAMPs) such as chitin and β-glucan in their cell walls, which 
are known triggers of innate immune responses in plants (Rovenich et 
al., 2016; Fesel and Zuccaro, 2016). Indeed, AMF (or culture filtrates) 
have been shown to initially trigger defense responses in the plant, 
which are subsequently rapidly quenched (García-Garrido and Ocampo, 
2002). This indicates the release of fungal components that subvert the 
plant immune system. In addition to an active influence on the immune 
system, AM fungi generally lack genes encoding cell wall degrading 
enzymes to avoid the generation of damage-associated molecules that 
trigger defense (Tisserant et al., 2013). Therefore, AM fungi rely on their 
hosts to degrade the cell wall in a controlled manner to facilitate root 
colonization. Loss of cell wall degrading enzymes seems to be a general 
strategy used by mutualistic fungi that colonize plants (Kohler et al., 
2015). Below, I summarize several ideas of how AM fungi may subvert 
the host immune system.
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fungus. Excess sugars can subsequently be converted into glycogen to 
be stored and transported in the fungus. The identification of MtSWEET1b 
allowed us to test its role in symbiosis. Arbuscule-specific overexpression 
of MtSWEET1b increased fungal colonization levels in the root. Strong 
arbuscule-specific expression of dominant-negative MtSWEET1b mutant 
proteins caused a more early collapse of arbuscules, which correlated 
with a lower MtPT4 expression level. Strikingly, we did not observe any 
defect in mycorrhization in two mtsweet1b Tnt1-retrotransposon insertion 
mutants. Since SWEET proteins are known to function as (hetero)
oligomers (Xuan et al., 2013), it is likely that additional SWEET members 
may take over the function of MtSWEET1b. Intriguingly, preliminary 
follow-up experiments indicated a differential regulation of MtSWEET1b 
and MtSTR/STR2 when Medicago roots were colonized by the cooperative 
AM fungus R. irregularis or the less-cooperative Glomus aggregatum 
(Kiers et al., 2011). The ratio of MtSWEET1b to MtSTR expression 
was higher with the cooperative strain than with the less-cooperative 
strain (An and Limpens, unpublished). It may suggest that MtSWEET1b 
is involved in the reciprocal rewarding in response to higher P supply 
by the fungus. On the other hand, the observed effects on arbuscule 
maintenance could also point to an additional role for MtSWEET1b that 
is unrelated to glucose transport. The Arabidopsis AtSWEET13 and 
AtSWEET14 proteins were recently shown to be able to transport GA 
(Kanno et al., 2016). Regulation of GA signaling is particularly essential 
for arbuscule formation as DELLA proteins, key transcriptional repressors 
in GA signaling, are essential for arbuscule formation and play a role in 
arbuscule degradation (Floss et al., 2017; Floss et al., 2013; Takeda et al., 
2015). GA perception leads to the degradation of DELLA proteins, which 
is therefore expected to influence arbuscule development. Preliminary 
data indicate that MtSWEET1b can indeed transport GA in a yeast assay 
(Seo and Limpens, unpublished data). Although this clearly needs to be 
studied further, it could be envisioned that MtSWEET1b controls GA levels 
in arbuscule-containing cells, which in turn influences arbuscule life-time 
through MtMYB1 regulated gene expression. Hopefully, future work will 
shed more light on the complex yet key process of reciprocal nutrient 
exchange in AM symbiosis.
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Future perspectives

The availability of a first AM fungal genome sequence has opened up 
many opportunities to get better insight into the fungal aspects of this 
symbiosis. Along with the development of new sequencing technology, 
especially long-read sequencing such as Pacbio technology or Nanopore 
technology, AM fungal genome assemblies are continuing to be improved 
(Chen et al., 2018; Maeda et al., 2018). This will greatly facilitate our 
insight into genetic diversity within AM fungi and allow a better annotation 
of fungal genomes. Through Pacbio sequencing, it was found that R. 
irregularis lacks the typical tandem repeat structure of ribosomal DNA. 
As a result, the scattered rDNA sequences are very heterogeneous in 
contrast to other eukaryotic rDNA sequences (Maeda et al., 2018). It 
was proposed that this special structure of rDNAs may facilitate AM fungi 
to adapt to different hosts as it may result in diverse ribosomes that 
differentially affect translation (Maeda et al., 2018). 

Most transcriptome profiling studies on AM symbiosis have used whole root 
samples. A recent RNAseq study by Kameoka and colleagues (Kameoka, 
Maeda, et al., 2019) focused mostly on various extraradical stages, such 
as germ tubes, runner hyphae, branched absorbing structures, immature 
spores, and mature spores. Whole root samples have the drawback 
that they lack detail about the different plant cell-types and intraradical 
fungal stages. Although several publications reported cell-type specific 
transcriptomic analyses of AM symbiosis (Gaude, Bortfeld, et al., 2012; 
Hogekamp and Küster, 2013; Hogekamp et al., 2011), those studies 
used gene chips, which only included a very limited number of fungal 
genes. In this thesis, I applied laser microdissection in combination with 
low input RNASeq to study transcriptomes in arbuscule-containing or 
hyphae-containing cells, both from the plant and the fungal side. This 
strategy allowed us to successfully study plant and fungal transcriptomes 
simultaneously and discover novel regulators. Nevertheless, application 
of laser microdissection largely relies on the morphological differences of 
different cell types. There are AM stages which are less easy to distinguish 
based on morphology. For example, it would be tricky to collect cell types 
with minor morphological differences, such as developing arbuscules and 
degrading arbuscules. A promising approach to get a higher resolution 
of such stages would be to apply novel single cell (or nucleus) RNA 
sequencing strategies (Ryu et al., 2019; Denyer et al., 2019). 
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Symbiotic signaling and defense

To initiate the symbiosis, AM fungi release chitin-like signal molecules 
called myc-factors. These include both lipo-chitooligosaccharides (LCOs) 
and short-chain chito-oligosaccharides (COs, such as CO4) (Maillet et 
al., 2011; Genre et al., 2013) and both are thought to be perceived by 
complexes of LysM-domain containing receptor-like kinases (LysM-RLKs). 
One of the key outputs of symbiotic LysM-RLK activation, in complex 
with another LRR-RLK called SYMRK/DMI2 (Ried et al., 2014), is the 
induction of calcium oscillations in the nucleus. These are decoded by a 
calcium- and calmodulin dependent kinase (CCaMK), which is required 
to activate a symbiosis-specific transcriptional program (for details see 
Chapter 1). LysM-RLK’s are part of a gene family whose members are 
implicated in both immune signaling as well as symbiotic signaling. 
Several data indicate that both LCO’s and short chain COs can suppress 
immune responses. For example, it was reported that symbiotic LCOs 
and short-chain COs are able to suppress chitin- and flg22-triggered 
immune responses in the non-host Arabidopsis (Liang et al., 2013).  
Also, LCO pre-treatment was shown to suppress ROS production induced 
by an Aphanomyces euteiches culture filtrate in Medicago, although it 
was not sufficient to block other immune responses (Rey et al., 2018). 
How symbiotic signaling interacts with plant immunity remains elusive. 
However, there are several possibilities. For instance, LCO or short-chain 
CO perception may use the same co-receptors as fungal MAMPs such 
as chitin and thereby compete for receptor recruitment. In rice, chitin 
is perceived by a complex of the LysM receptor OsCERK1 and OsCEBiP 
to trigger downstream signaling. While rice cebip mutants are only 
impaired in chitin-triggered immunity, cerk1 mutants show defect in both 
chitin-triggered immunity and mycorrhization, indicating that OsCERK1 
plays a dual role in both immune and symbiotic signaling (Zhang et al., 
2015a; Miyata et al., 2014). Therefore, LCOs and short-chain COs may 
outcompete long-chain COs to recruit CERK1 in a symbiotic complex, 
and thereby interfere with immune responses. Second, ligand perception 
can also lead to the endocytosis and turn-over of co-receptors, by which 
defense signaling is attenuated. In addition to direct effects of LCOs/COs 
on the receptor complexes, interference with immune responses may 
also occur more downstream. It has been shown that symbiotic signaling 
affects hormone balances in the root (Liao et al., 2018). Nearly all plant 
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fungus. Excess sugars can subsequently be converted into glycogen to 
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into the fungal aspects of this interaction. In this thesis I have used 
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and plant components that are regulated in a host- and stage- (or cell-
specific) manner. In this chapter I will discuss our recent insights in 
the light of two main questions, namely, 1) how do AM fungi deal with 
the plant immune system and 2) how is (reciprocal) nutrient exchange 
controlled. 
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Like other fungi, AMF have common fungal microbe-associated molecular 
patterns (MAMPs) such as chitin and β-glucan in their cell walls, which 
are known triggers of innate immune responses in plants (Rovenich et 
al., 2016; Fesel and Zuccaro, 2016). Indeed, AMF (or culture filtrates) 
have been shown to initially trigger defense responses in the plant, 
which are subsequently rapidly quenched (García-Garrido and Ocampo, 
2002). This indicates the release of fungal components that subvert the 
plant immune system. In addition to an active influence on the immune 
system, AM fungi generally lack genes encoding cell wall degrading 
enzymes to avoid the generation of damage-associated molecules that 
trigger defense (Tisserant et al., 2013). Therefore, AM fungi rely on their 
hosts to degrade the cell wall in a controlled manner to facilitate root 
colonization. Loss of cell wall degrading enzymes seems to be a general 
strategy used by mutualistic fungi that colonize plants (Kohler et al., 
2015). Below, I summarize several ideas of how AM fungi may subvert 
the host immune system.
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A major challenge for the future will be to study the functional role of 
many of the identified fungal genes. This is especially difficult since it 
is currently not possible to stably transform the fungus, likely due to its 
extreme coenocytic nature (Helber and Requena, 2007). Most studies on 
fungal genes rely on host-based techniques such as host-induced gene 
silencing (HIGS) or virus-induced gene silencing (VIGS). Although those 
techniques were successfully used to study fungal genes, they rely on the 
hosts to deliver dsRNAs and/or small interfere RNAs to the fungal side 
to generate silencing. Therefore, it is impossible to use these techniques 
to study AM fungal genes implicated in pre-symbiotic development. In 
addition, a lot of variation in the efficiency of HIGS or VIGS has been 
reported and some genes seem to be recalcitrant to be silenced. Whether 
this indicates that only certain RNA structures can be delivered to the 
fungal side remains unclear. Recent studies found that viruses naturally 
exist in AM fungi (Turina et al., 2018; Neupane et al., 2018). Therefore, 
a potential strategy to functionally study AM genes might be to design 
viral vectors for transfection in AM fungi. Other options to investigate 
could be the use of nanoparticles to deliver (ds)RNA/DNA into the fungus 
(Cunningham et al., 2018). It has been recently shown that fluorescent 
nanoparticles are efficiently taken up by AM fungi and can be used to 
trace phosphate translocation from the fungus to the plant (Whiteside et 
al., 2019). 

A drawback in the use of AM fungi  is the inability to culture AMF without 
their hosts, although usage of hairy root culture enables AM culture in 
axenic condition (Srinivasan et al., 2014). Inspired by the finding that 
AM fungi fully rely on plant hosts to supply fatty acids (Wewer et al., 
2014; Luginbuehl et al., 2017; Jiang et al., 2017; Keymer et al., 2017), 
recent studies showed that exogenous application of fatty acids including 
myristate and palmitoleic acid can stimulate a-symbiotic sporulation 
(Sugiura et al., 2019; Kameoka, Tsutsui, et al., 2019).  Such efforts may 
provide promising strategies to efficiently culture AM fungi ex planta in 
the future. 

To realize the promise of applying AM fungi as biofertilizers in sustainable 
agricultural practices, one of the most important issues to address in the 
future will be to unravel the molecular mechanisms that underlie variation in 
symbiotic efficiency between different plant-fungal combinations. Various 
studies indicate an interplay between genetic variation in the plant and 

179

6

General discussion

the fungus (Smith and Read, 2008; Sanders and Croll, 2010; Koch et al., 
2017; Watts-Williams et al., 2019; Mateus et al., 2019). Exploiting such 
natural genetic variation in symbiotic efficiency is therefore envisioned to 
provide a powerful tool to get insight into this key aspect of this symbiosis 
in the near future.
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on the receptor complexes, interference with immune responses may 
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Summary

Arbuscular mycorrhizal (AM) fungi are able to form a symbiotic interaction 
with the vast majority (>80%) of land plants. This interaction can benefit 
host plants in different ways; by providing nutrients (such as phosphate, 
nitrogen, and micronutrients), enhancing (a)biotic stress resistance of 
the host, and by improving soil structure and its associated microbiome. 
AM fungi colonize plants in a successive way, developing several stages 
including extraradical mycelium (ERM), intraradical mycelium (IRM) and 
arbuscules. Arbuscules are highly branched, tree-like structure surrounded 
by a specialized host membrane where specific nutrients transporters, 
are located to facilitate nutrient exchange. In general, arbuscules were 
considered as the heart of the symbiosis.

AM symbiosis is thought to have originated more than 400 million years 
ago. Such an ancient origin and wide-spread conservation suggest that 
both the hosts and AM fungi co-evolved to maintain the symbiosis. 
However, the molecular mechanisms that regulating this extremely high 
compatibility remain largely unknown. In this thesis, I tried to unravel 
some of the mechanisms that control the establishment of a compatible 
symbiotic interaction by both the plant and the fungus.

AM fungi have common fungal cell wall components which can be perceived 
as microbe-associated molecular patterns (MAMPs) that trigger immune 
responses. However, only minor plant immune responses are induced 
in early stage of AM symbiosis then rapidly suppressed. This suggests 
that AM fungi have highly efficient strategies to suppress host immune 
responses in a wide range of plants. Pathogenic microbes can suppress 
host immunity by secreting effector proteins that function either in the 
apoplast or that translocate into the host cells. As hundreds of putative 
effectors were discovered in the Rhizophagus irregularis genome, I 
hypothesized that some of those effectors might be essential for AM fungi 
to suppress host immunity, to remodel host structure, or to manipulate 
host metabolism to facilitate the symbiosis and consequently lead to an 
extremely high fungal compatibility. To discover essential AM effectors, I 
studied the AM fungal transcriptome in Medicago truncatula (Medicago), 
Nicotiana benthamiana (Nicotiana) and Allium schoenoprasum (Chives) 
in Chapter 2. This revealed a core set of AM effectors that are highly 
expressed in all three, evolutionary distantly related hosts as well as a set 
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effectors that are expressed in a host-dependent manner. To determine at 
which stage the different effector candidates are expressed, I used laser 
microdissection in combination with RNA-Seq to profile the ERM, IRM 
and arbuscules in Medicago roots (Chapter 2). This showed that most 
host-dependent effectors are specifically induced in planta, suggesting 
an important role for AM effectors on controlling host-range (Chapter 2). 
By combining the host- and stage-dependent transcriptome data, I finally 
generated an expression landscape of all AM genes (Chapter 2 and 3) in 
different hosts and developmental stages, providing a valuable basis for 
future functional studies.

Among the effector candidates that are highly expressed upon intraradical 
colonization and in all three host plants, I found an effector carrying 
a single LysM domain (RiSLM, Chapter 2 and 4). Such LysM effectors 
from pathogenic fungi are famous for their ability to bind chitin and can 
suppress chitin-triggered plant immunity and/or protect the fungal cell 
wall against plant chitinases. I hypothesized that the RiSLM may have a 
similar function.  We confirmed that RiSLM can indeed bind chitin 
and protect against the action of plant chitinases (Chapter 4). RiSLM 
binds long-chain COs (chito-oligosaccharides) with higher affinities than 
short-chain COs as shown by microscale thermophoresis (Chapter 4). As 
long-chain COs/chitin are strong elicitors for plant immunity, we tested 
whetherRiSLM can interfere with chitin-triggered immune responses. Our 
bioassays showed that RiSLM can efficiently suppress CO8-induced plant 
immune responses (Chapter 4). Although symbiotic signals such as LCOs 
(lipo-chitooligosaccharides) or short-chain COs are chitin-derivates that 
are also bound by RiSLM, RiSLM did not strongly interfere with sulfated 
LCO or CO4-induced symbiotic signalling (Chapter 4). In line with a 
role in subverting chitin triggered immune responses, we showed that 
host-induced gene silencing of RiSLM reduced fungal colonization and 
arbuscule abundance (Chapter 4). Taken together, these results indicate 
that RiSLM plays an important role to subvert chitin-triggered immune 
responses to allow a successful AM symbiosis.

To get a broader insight into the transcriptional responses of the fungus 
to different host plants and at different developmental stages I analysed 
our host- and stage- dependent transcriptome data using gene ontology 
enrichment analyses (Chapter 3). Based on this data I identified several 
potential key fungal  transporters that control nutrient transport at 
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different stages of the interaction (Chapter 3). Furthermore, the host-
dependent transcriptome profiles suggest a key effect of host identity on 
fungal secondary metabolism (Chapter 3). 

The extremely ancient origin of AM symbiosis together with its broad host-
range implies that both partners co-evolved to maintain the symbiosis. In 
this scenario, it is essential that both partners benefit from the symbiosis, 
otherwise tit would be selected against and the symbiotic interaction 
would not have been maintained for such a long time. It is known that AM 
fungi obtain fatty acids and sugars (especially glucose) from the hosts, 
in return for mineral nutrients such as phosphate. However, the relative 
contribution or importance of both carbon sources is still unknown. 
Therefore, insight into the components that control nutrient exchange 
are required. Putative fatty acid transporters were previously identified, 
however, the sugar transporters that mediate sugar export from the plant 
to AM fungi were still unknown. In my laser microdissection data, one 
arbuscule-induced Medicago SWEET (SUGARS-WILL-EVENTUALLY-BE-
SECRETED) transporter, called MtSWEET1b, potentially involved in sugar 
export, stood out as candidate sugar exporter (Chapter 5). Functional 
analyses showed that MtSWEET1b is able to transport glucose (Chapter 
5). In addition, MtSWEET1b localized to the peri-arbuscular membrane, 
where it is well suited to export glucose into the peri-arbuscular space 
(Chapter 5). Furthermore, overexpression of MtSWEET1b enhanced AM 
colonization, while expression of dominant-negative versions impaired 
arbuscule maintenance (Chapter 5). Taken together, these results suggest 
a (redundant) role for MtSWEET1b in the transport of glucose across the 
peri-arbuscular membrane to maintain arbuscules for a healthy mutually 
beneficial symbiosis.

By combining cell-specific transcriptome analyses with molecular 
functional approaches I was able to shed new light on some of the 
mechanisms that contribute to the broad host-range of AM fungi in light 
of effector biology and reciprocal nutrient transfer. Furthermore, the 
datasets generated and described in this thesis offer a valuable resource 
to deepen our understanding of the ecologically and agriculturally key AM 
symbiosis in the future.
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Herewith the Graduate School declares that the PhD candidate has complied with the educational requirements set by the Educational Committee of EPS with a minimum total 
of 30 ECTS credits. 

Workshop: PhD Workshop Carousel 2015

Course: Career orientation

Organisation of meetings, PhD courses or outreach activities

Course: Reviewing a scientific paper

Course: Techniques for writing and presenting a scientific paper

Advanced scientific courses & workshops

Journal club

Course: Last stretch of the PhD programme

Talk: Host- and stage-dependent secretome of an arbuscular mycorrhizal fungus, Annual meeting 'Experimental Plant 
Sciences', Lunteren
Talk: Host- and stage-dependent transcriptome of Rhizophagus irregularis, 3rd International Molecular Mycorrhiza Meeting, 
Toulouse, France
Talk: A LysM effector subverts chitin-triggered immunity to facilitate arbuscular mycorrhizal symbiosis, 4th International 
Molecular Mycorrhiza Meeting, Turin, Italy

Presentations
Poster: Transcriptome analyses reveals potential host-specific AM effector proteins, 2nd International Molecular Mycorrhiza 
Meeting, Cambridge, UK

Individual research training
Journal club at Laboratory of Molecular Biology, Wageningen University

Poster: Conserved LysM effector supresses chitin-triggered immunity to facilitate arbuscular mycorrhizal symbiosis, Annual 
meeting 'Experimental Plant Sciences', Lunteren

Seminar plus

2nd International Molecular Mycorrhiza Meeting, Cambridge, UK

4th International Molecular Mycorrhiza Meeting, Turin, Italy
3rd International Molecular Mycorrhiza Meeting, Toulouse, France

Seminar: Dr. Peter van der Esse, Mining NLRs from crop relatives to establish a diverse pool of disease resistance traits

Farewell symposium: EPS director Prof. Ton Bisseling, The Undergrond Labyrinth: Roots, Friends and Foes

TOTAL NUMBER OF CREDIT POINTS*

Membership of EPS PhD Council

Course: Research data management (part 2 and 3)

General skill training courses

Subtotal Personal Development

Excursions

Course: Genome assembly

IAB interview

Course: Introduction to R for statistical analysis
Course: Data analyses and visualization in R

Company visit: Keygene
Company visit: Dümmen Orange

3) In-Depth Studies

Subtotal Scientific Exposure

4) Personal Development

Subtotal In-Depth Studies

International symposia and congresses

Seminar: Dr. Teemu Teeri, Pelargonidin in flowers - why not? Gerbera and petunia flowers block pelargonidin biosynthesis in 
a different way
Seminar: Ronald Snijder, Modern domestication of Pelargonium in a commercial environment
Seminar: Dr. Mary Wildermuth, Salicylic acid and cell cycle control of plant-microbe interactions
Seminar: Prof. Michael Djordjevic, CLE peptide dependent autoregulation of nodulation in Medicago truncatula
Seminar: Dr. Yan Wang, A leucine-rich repeat receptor-like protein as PAMP receptor recognising XEG1, a Phytophthora 
glycoside hydrolase 12
Seminar: Dr. Diana Santelia, Rewiring starch metabolism for plant environmental adaptation

Seminar: Prof. Julia Santiago, A tentative title could be: Plant cell wall communication and remodeling
Seminar: Dr. Pilar Cubas, To grow or not to grow - a bud’s question
Seminar: Dr. Holger Schultheiss, Developing an integrated system for Asian Soybean Rust control

Seminar: Prof. Hussam Hassan Nour-Eldin, The enigmatic substrate specificity of the NPF family - what is real - and what may 
be artifacts?

Seminar: Prof. Ronald Pierik, Spotlight on shade responses: plant molecular strategies to cope with shade

Farewell symposium: Prof. Pierre de Wit, Fungal plant pathogens and the plant immune system
Seminar: Prof. Andreas Schaller, Peptide signalling during plant reproductive development
Seminar: Prof. Stanislav Kopriva, Natural variation in nutrient homeostasis in Arabidopsis and beyond
Seminar: Dr. Martin Potocký, A well oiled machine: the role of anionic phospholipids in plant membrane traffic
Seminar: Prof. Ekkehard Neuhaus, Impact of sugar homeostasis on plant development and stress tolerance
Seminar: Dr. Benoît Lacombe, Protein and gene regulatory networks involved in hormone-dependent nutrient sensing

Seminar: Dr. Brande Wulff, Of Crumbs and Bread: Understanding and exploiting immune receptor diversity in wild wheats

Seminar: Dr. Andrea Sanchez Vallet, Communication between wheat and the necrotrophic pathogen Zymoseptoria tritici

Seminar: Prof. Ute Krämer, Plant acclimation and evolution in relation to soil mineral composition
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date cp
► 

17 Apr 2014 1.5
► 
► 
► 

1.5

date cp
► 

29 Nov 2013 0.3
29-30 Jan 2015 0.6
9-10 Feb 2017 0.6

► 
 24 Jan 2014 0.3
 30 Jan 2018 0.3
25 Feb 2014 0.3
20 Feb 2015 0.3
22 Jan 2016 0.3
23 Jan 2017 0.3
14 Mar 2017 0.3
13 Mar 2018 0.3
13 Dec 2013 0.3

► 
14-15 Apr 2014 0.6
13-14 Apr 2015 0.6
 11-12 Apr 2016 0.6
10-11 Apr 2017 0.6
9-10 Apr 2018 0.6
8-9 Apr 2019 0.6

► 
15 Nov 2013 0.1
07 Jan 2014 0.1
09 Apr 2014 0.1
28 May 2014 0.1

16 Jul 2014 0.1

11 Sep 2014 0.1
3 Feb 2015 0.1
1 Apr 2015 0.1

08 Dec 2015 0.1
21 Jan 2016 0.1
19 Feb 2016 0.1
14 Mar 2016 0.1
31 Mar 2016 0.1
7 Apr 2016 0.1
8 Apr 2016 0.1

29 Apr 2016 0.1
13 May 2016 0.1
23 May 2016 0.1
20 Jun 2016 0.1
21 Jun 2016 0.1
31 Aug 2016 0.1

2 Nov 2016 0.1
12 Dec 2016 0.1
21 Dec 2016 0.1
9 Jan 2017 0.1

19 Jan 2017 0.1
23 Feb 2017 0.1
8 May 2017 0.1

29 May 2017 0.1
15 Jun 2017 0.1
11 Jul 2017 0.1

28 Sep 2017 0.1
6 Oct 2017 0.1

18 Oct 2017 0.1
18 Oct 2017 0.1

23 Jan 2018 0.1
23 Jan 2018 0.1

23 Jan 2018 0.1
22 Feb 2018 0.1

Seminar: Dr. Annet Westhoek, Modelling resource allocation in the legume-rhizobium symbiosis

EPS theme 1 'Developmental Biology of Plants', Wageningen University

Annual meeting 'Experimental Plant Sciences', Lunteren
Annual meeting 'Experimental Plant Sciences', Lunteren
Annual meeting 'Experimental Plant Sciences', Lunteren

EPS Get2Gether, Soest
EPS Get2Gether, Soest

Seminar: Prof. Lars Østergaard, Fruit shape determination in Brassicaceae

Education Statement of the Graduate School   
Experimental Plant Sciences   

First presentation of your project

Issued to:
Date:
Group:
University:

Writing a review or book chapter

1) Start-Up Phase 

Writing or rewriting a project proposal

Seminar: Prof. Wenbo Ma, Effectors as molecular probes to understand pathogenesis
Seminar: Prof. Chun-Ming Liu, Rice nutritional improvement through modification of aleurone development

Seminar: Dr. Andrea Gröne, Why bother? Disease is normal in wildlife
Seminar: Prof. Peter Linder, Why is the Cape flora so species rich? Insights from the Cape reeds
Seminar: Dr. Jean-Francois Arrighi, Evolution of Nod factor-independent rhizobium symbiosis
Seminar: Prof. Giles Oldroyd, Recognition of symbiotic microorganisms by plants
Seminar: Prof. Janet Sprent, Updated classification of legumes and a discourse on Erythrophleum as an example of 
continuing evolution in a basal legume clade.
Seminar: Dr. Euan James, Biogeography of legume nodulation by Beta-proteobacteria
Seminar: Prof. Sofie Goormachtig, Improving yield by understanding beneficial plant microbe interactions at the root-soil 
interface
Seminar: Dr. Asaf Levy, Bacteria and the future of agriculture: from sequence to function

MSc courses

Mining the AM fungal genome for effectors in endosymbiosis

Seminar: Prof. Yves van de Peer, The evolutionary significance of gene and genome duplications
Seminar: Dr. Jiming Jiang, Structure and evolution of centromeres: lessons learned from plants
Seminar: Dr. Alain Goossens, How jasmonates provide the key to harness plant chemistry
Seminar: Prof. Jane Parker, Plant intracellular immunity: evolutionary and molecular underpinnings
Seminar: Prof. Laura Grenville-Briggs, Molecular Oomycete-Host Interactions: The Good, the Bad and the ugly
Seminar: Dr. Jan Ruijter, Analysis of qPCR data. The use and usefulness of amplification curve analysis
Seminar: Prof. Douglas Mitchell, Genomics-enabled natural products discovery

EPS theme 2 'Interactions between plants and biotic agents', Leiden University

Subtotal Start-Up Phase

2) Scientific Exposure 

Annual meeting 'Experimental Plant Sciences', Lunteren

EPS PhD day, Leiden

EPS theme symposia

EPS PhD student days

EPS theme 2 'Interactions between plants and biotic agents', Wageningen University
EPS theme 3 'Metabolism and Adaptation', Wageningen University

Annual meeting 'Experimental Plant Sciences', Lunteren
Seminars (series), workshops and symposia
Seminar: Prof. Jiayang Li, Understanding the molecular mechanisms underlying rice tillering
Seminar: Prof. Jos Raaijmakers, Back to the Roots: exploring and exploiting the plant microbiome

Lunteren Days and other national platforms
EPS theme 4 'Genome Biology', Wageningen University

EPS theme 1 'Developmental Biology of Plants', Wageningen University
EPS theme 2 'Interactions between plants and biotic agents', University of Amsterdam
EPS theme 2 'Interactions between plants and biotic agents', Utrecht University

Seminar: Prof. Bregje Wertheim, Evolving immunity: Genomic basis of the evolution and variation in parasitoid resistance
Seminar: Dr. Mart Krupovic, Natural history of viral capsids
Seminar: Prof. Ford Denison, Improving cooperation among plants and microbes
Seminar: Dr. Gerben van Ooijen, Clocks across taxa: Conserved cellular timekeeping mechanisms in plants, algae and other 
eukaryotes
Seminar: Prof. Marcel van der Heijden, Soil Biodiversity & Ecosystem Functioning
Seminar: Dr. Martin Cann, The immune receptor Rx1 remodels chromatin and chromatin interactors in immunity

Seminar: Prof. Mark Estelle, Auxin Signaling: Inputs and Outputs

Seminar: Prof.Hans Thordal-Christensen, Membrane trafficking in plant cells attacked by powdery mildew fungi

Seminar: Dr. Sotirios Fragkostefanakis, Alternative splicing of a heat stress transcription factor mediates thermotolerance in 
tomato

Seminar: Dr. Jorge Casal, Signalling networks in plant responses to shade
Seminar: Dr. Kate Goodrich, The volatile ‘language’ of plants: from attraction to deterrence and back again

EPS theme 3 'Metabolism and Adaptation', Wageningen University

Annual meeting 'Experimental Plant Sciences', Lunteren

Seminar: Prof. Yuanchao Wang, Dissecting the interaction between Phytophthora sojae and soybean: making sense out of 
signalling and effectors

Seminar: Prof. Hanhui Kuang, Using the Nicotiana-TMV system to study resistance gene evolution and plant genome stability

Seminar: Dr. Pierre-Marc Delaux, Evolution of symbiotic gene networks in land plants

Seminar: Prof. Jane Parker, Reprogramming cells for defence in plant innate immunity
Seminar: Prof. Sophien Kamoun, Genome and effector evolution in the Irish potato famine pathogen lineage

Seminar: Prof. Caitilyn Allen, How Ralstonia solanacearum succeeds in plant xylem vessels

Seminar: Prof. Anne Osbourn, Harnessing plant metabolic diversity

14 Mar 2018 0.1
9 May 2018 0.1
25 Jun 2018 0.1
15 Aug 2018 0.1

10 Sep 2018 0.1
1 Nov 2018 0.1

10 Jan 2019 0.1
21 Jan 2019 0.1

17 Jan 2019 0.1
21 Feb 2019 0.1
28 Feb 2019 0.1
14 Mar 2019 0.1
21 Mar 2019 0.1

28 Mar 2019 0.1

4 Apr 2019 0.1

11 Apr 2019 0.1
16 May 2019 0.1
23 May 2019 0.1
6 Jun 2019 0.1
4 Jul 2019 0.1
5 Jun 2014 0.3
8 Feb 2017 0.2

► 
► 

 3-4 Sep 2015 0.6
26-28 Jul 2017 0.6
6-8 Feb 2019 0.6

► 

3-4 Sep 2015 1.0

9-10 Apr 2018 1.0

 11 Apr 2017 1.0

 27 Jul 2017 1.0

7 Feb 2019 1.0
► 
► 

12 Oct 2017 0.3
15 Jun 2018 0.3

21.6

date cp
► 

28,29 Apr 2015 0.6
18,19 May 2015 0.6
11,12 May 2017 0.6

► 
2013-2018 3.0

► 
4.8

date cp
► 

17 Apr 2015 0.3
15-18 Mar 2016 1.2

3,10,17,24 Oct 2017 1.5
9 Jun 2017 0.0

22 Jun 2017 0.1
2,9 Nov 2017 0.3

► 
► 

3.4

31.3

* A credit represents a normative study load of 28 hours of study.

Herewith the Graduate School declares that the PhD candidate has complied with the educational requirements set by the Educational Committee of EPS with a minimum total 
of 30 ECTS credits. 

Workshop: PhD Workshop Carousel 2015

Course: Career orientation

Organisation of meetings, PhD courses or outreach activities

Course: Reviewing a scientific paper

Course: Techniques for writing and presenting a scientific paper

Advanced scientific courses & workshops

Journal club

Course: Last stretch of the PhD programme

Talk: Host- and stage-dependent secretome of an arbuscular mycorrhizal fungus, Annual meeting 'Experimental Plant 
Sciences', Lunteren
Talk: Host- and stage-dependent transcriptome of Rhizophagus irregularis, 3rd International Molecular Mycorrhiza Meeting, 
Toulouse, France
Talk: A LysM effector subverts chitin-triggered immunity to facilitate arbuscular mycorrhizal symbiosis, 4th International 
Molecular Mycorrhiza Meeting, Turin, Italy

Presentations
Poster: Transcriptome analyses reveals potential host-specific AM effector proteins, 2nd International Molecular Mycorrhiza 
Meeting, Cambridge, UK

Individual research training
Journal club at Laboratory of Molecular Biology, Wageningen University

Poster: Conserved LysM effector supresses chitin-triggered immunity to facilitate arbuscular mycorrhizal symbiosis, Annual 
meeting 'Experimental Plant Sciences', Lunteren

Seminar plus

2nd International Molecular Mycorrhiza Meeting, Cambridge, UK

4th International Molecular Mycorrhiza Meeting, Turin, Italy
3rd International Molecular Mycorrhiza Meeting, Toulouse, France

Seminar: Dr. Peter van der Esse, Mining NLRs from crop relatives to establish a diverse pool of disease resistance traits

Farewell symposium: EPS director Prof. Ton Bisseling, The Undergrond Labyrinth: Roots, Friends and Foes

TOTAL NUMBER OF CREDIT POINTS*

Membership of EPS PhD Council

Course: Research data management (part 2 and 3)

General skill training courses

Subtotal Personal Development

Excursions

Course: Genome assembly

IAB interview

Course: Introduction to R for statistical analysis
Course: Data analyses and visualization in R

Company visit: Keygene
Company visit: Dümmen Orange

3) In-Depth Studies

Subtotal Scientific Exposure

4) Personal Development

Subtotal In-Depth Studies

International symposia and congresses

Seminar: Dr. Teemu Teeri, Pelargonidin in flowers - why not? Gerbera and petunia flowers block pelargonidin biosynthesis in 
a different way
Seminar: Ronald Snijder, Modern domestication of Pelargonium in a commercial environment
Seminar: Dr. Mary Wildermuth, Salicylic acid and cell cycle control of plant-microbe interactions
Seminar: Prof. Michael Djordjevic, CLE peptide dependent autoregulation of nodulation in Medicago truncatula
Seminar: Dr. Yan Wang, A leucine-rich repeat receptor-like protein as PAMP receptor recognising XEG1, a Phytophthora 
glycoside hydrolase 12
Seminar: Dr. Diana Santelia, Rewiring starch metabolism for plant environmental adaptation

Seminar: Prof. Julia Santiago, A tentative title could be: Plant cell wall communication and remodeling
Seminar: Dr. Pilar Cubas, To grow or not to grow - a bud’s question
Seminar: Dr. Holger Schultheiss, Developing an integrated system for Asian Soybean Rust control

Seminar: Prof. Hussam Hassan Nour-Eldin, The enigmatic substrate specificity of the NPF family - what is real - and what may 
be artifacts?

Seminar: Prof. Ronald Pierik, Spotlight on shade responses: plant molecular strategies to cope with shade

Farewell symposium: Prof. Pierre de Wit, Fungal plant pathogens and the plant immune system
Seminar: Prof. Andreas Schaller, Peptide signalling during plant reproductive development
Seminar: Prof. Stanislav Kopriva, Natural variation in nutrient homeostasis in Arabidopsis and beyond
Seminar: Dr. Martin Potocký, A well oiled machine: the role of anionic phospholipids in plant membrane traffic
Seminar: Prof. Ekkehard Neuhaus, Impact of sugar homeostasis on plant development and stress tolerance
Seminar: Dr. Benoît Lacombe, Protein and gene regulatory networks involved in hormone-dependent nutrient sensing

Seminar: Dr. Brande Wulff, Of Crumbs and Bread: Understanding and exploiting immune receptor diversity in wild wheats

Seminar: Dr. Andrea Sanchez Vallet, Communication between wheat and the necrotrophic pathogen Zymoseptoria tritici

Seminar: Prof. Ute Krämer, Plant acclimation and evolution in relation to soil mineral composition
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